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INVENTION DESCRIPTION 



Describe the invention completely, using the outline given below. Please provide an electronic copy of the 
invention disclosure document, references, and abstracts in Windows format on CD-ROM or floppy disk if 
possible 

1. Marketing Summary [Please provide a non-confidential summary of the invention that can be used for 
marketing purposes. Unique details that are published may also be included.] 

We have developed a new strategy that permits detection of small amounts of point mutation containing DNA in 
the presence of an excess amount of wild-type DNA (e.g. 1 : 1 0,000 to 1 : 1 00,000). This is accomplished by first 
performing selective oligonucleotide ligation on the mutation containing DNA using two unique DNA primers. 
The DNA primers contain regions that are target specific, but also contain tails (e.g. Ml 3) that permit subsequent 
amplification of the ligated product. Since the strategy involves a ligation step followed by a real-time PCR 
amplification step, we have designated it as "LigAmp". One of the ligation primers also contains a region of 
completely foreign DNA (e.g. lac-Z) that is used as probe site during the subsequent RQ-PCR (real time 
quantitative PCR) step. High selectivity is achieved since probe cleavage cannot occur without prior ligation. The 
ligation step can be multiplexed to simultaneously detect multiple point mutations. 

Applications to Cancer, Infectious Disease and Genetics test ing are described below. 

SOFTWARE -Does this disclosure include a software element or software is implemented in the invention □ Yes £3 No 

If yes, please complete the Software Information Form which can be found at: 

BIOLOGICAL MATERIAL - Does this disclosure include biological material, □ Yes S No 
If yes, please attach a list of materials for reference. A Tangible Property Report of Invention form may be completed if the disclosure is 
biological materials only. You can find this form at: http://\w »w.ltd.ihu.edu/For Hopkins Inventors/reportina.html 

2. Problem Solved [Describe the problem solved by this invention] 

A major problem in molecular analysis without current adequate solution is the accurate and sensitive 
detection of single base change containing DNA (base substitution mutations, SNPs, etc). 

Other methods to detect minor components of a DNA mixture (e.g. oligonucleotide ligation assay (OLA), 
allele-specific PCR (AS-PCR), amplification refractory mutation system (ARMS), standard realtime PCR (Q-PCR 
or RQ-PCR), among others) exist, however the limit of detection for most of these methods is currently only 
between 1 : 1 0 and 1 : 1 00, which is insufficient for many applications. 

This new invention permits relatively simple quantitative detection of small amounts of single base change 
containing molecules using a highly accurate method of detection and permitting a limit of detection of 
approximately 1 : 1 0,000 to 1 : 1 00,000, and possibly greater. 
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3. Novelty [Identify those elements of the invention that are new when compared to the current state of the art] 

This method uses a modification of Oligonucleotide Ligation Assay (OLA) to convert DNA molecules with 
only single base changes to those which contain a completely unique stretch of DNA (about 20 bases for use as 
probe detection). In the second part of the assay, realtime quantitative PCR (Q-PCR) is performed using universal 
primers to sensitively and quantitatively detect the probe containing DNA (and therefore the single base change). 
Because the strategy involves a ligation step, followed by a Q-PCR amplification step, we have designated the 
method as "LigAmp". 

OLA typically involves PCR amplification followed by ligation and detection of ligated products. LigAmp 
involves use of ligase to convert the point mutation to a foreign DNA molecule, which is then detected using real 
time PCR or other amplification strategy. 

This method can be used for early detection of cancer, cancer minimal residual disease testing, HIV drug- 
resistant minority variant detection, identification of samples containing rare alleles and bone marrow 
transplantation engraftment monitoring. 

4. Potential Commercial Use - [What products can be produced with this invention.] 

LigAmp permits sensitive detection of point mutations and can be multiplexed. 
Kits could be produced for: 

Early detection of Cancers (if cancers are detected early, patients can undergo definitive curative surgery) 

Cancer Minimal residual disease testing (e.g. determining the whether the cancer has been eliminated or is still 
present, following surgery or chemotherapy, etc). Such kits could also be used to identify if a cancer is coming 
back (so called "molecular relapse"). 

Infectious disease minority variant detection: viral (e.g. fflV, HBV, HCV, etc) minority variant detection 
(conferring anti-viral drug resistance) and other anti-microbial resistance testing where point mutations are the 
basis of the resistance (e.g. mycobacterial infections). 

Human genetics applications include: detection of panels of point mutations such as those in cystic fibrosis. One 
could produce an assay to simultaneously detect pro-coagulation mutations, or cardiovascular risk assessment, or a 
panel of SNPs for pharmacogenomics of forensic testing. In one format of the assay, one could simply determine 
whether a patient is wild type or carries a mutation. Additionally, one could detect known parental point 
mutations in fetuses from the peripheral blood of known wild-type mothers, without the need for amniocentesis. 



5. Commercialization - List any companies that you feel may be interested in this technology or are doing similar 
research. Indicate how the invention complements the company's existing technology. If known, provide the 
names of any companies (and a contact person) that have contacted you regarding your research related to the 
invention. 



O No company interest known at this time. 
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Keywords - Please circle the categories and keywords that accurately describe the present invention 


CHEMICAL 

□ Additives 

□ Alternative Energy 
, □ Antioxidants 

□ Batteries 

□ Catalyst 

□ Coal Conversion 

□ Coatings 

□ Effluent Treatment 

□ Elastimers 

□ Electrochemistry 

□ Exhaust Treatment 

□ Foams 

□ Food Chemistry 

□ Fuel Cells 

□ Gas Conversion 
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□ Oxidation 
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□ Photochemistry 
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DIAGNOSTIC 

□ Antibody 
El Assay 
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El Detection 

El DNA Probe 
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□ Imaging 

f~| Immunoassay 

□ In Situ 
El Marker 

El Measurement 

□ MRI 

□ Point of Use 

□ Radioisotope 
D Transgenic 

□ Ultrasound 


GENOMICS 
El Allele 

□ Bioinformatic 
El cDNA 

El Epidemiology 

□ EST 
El Gene 

El Homologue 

□ Isogene 

□ Library 
El Mutation 

El Pharmacogenomics 
El Polymorphism 

□ Positional Cloning 

□ Proteomics 

□ Receptor 

□ RNA 

□ Target Validation 

MEDICAL DEVICE 

□ Delivery 
El Diagnosis 

□ Imaging 

El Measurement 

□ Optical 

□ Safety 

□ Surgical 

□ Treatment 

RESEARCH TOOL 

□ Animal Model 

□ Antibody 

□ Cell Line 

□ Culture 

El Directed Evolution 

□ DNA Probe 

□ DNA/RNA Sequencing 

□ DNA/RNA Synthesis 

□ Electrophoresis 

□ Elisa 

□ Enzyme 

□ Equipment 

□ Expression System 


□ Immunoassay 

□ Label 
El PCR 

□ Protein Sequencing 

□ Protein Synthesis 
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□ Spectroscopy 

□ Tissue Culture 

□ Vector 

SCREENING 

El Assay 

□ Biochip 

□ Combinatorial Biology 

□ Combinatorial Chemistry 
El Detection 

□ HTS 

□ Phage Display 

□ Screen 

□ Target 

THERAPEUTIC 

□ Analgesic 

□ Anesthetic 

□ Angiogenesis 

□ Antibiotic 

□ Antibody 

□ Antifungal 

□ Antiinflammatory 

□ Antisense 

□ Antiviral 
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□ Cell Signaling 

□ Cell Therapy 

□ Disease Model 

□ Drug Delivery 

□ Drug Design 

□ Fertility 

□ Gene Therapy 
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□ Immunotherapy 

□ Natural Product 

□ Peptides 


Q Pro-drug 

□ Proteins 

□ Small Molecule 

□ Tissue Engineering 

□ Transplant 
0 Vaccine 

□ Virus 

□ Wound Healing 
DISEASES 

□ Aging 
El Blood 
El Cancer 

El Cardiovascular 
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ADDITIONAL KEY WORDS: 






STAGE OF 
DEVELOPMENT 

□ Unspecified 
El Discovery 
El Preclinical 

□ Prototype 

□ Phase I 

□ Phase H 

□ Phase HI 

□ NCE 


7. Detailed Description of the invention - On a separate page(s), attach a detailed description of how to make 
and use the invention. The description must contain sufficient detail so that one skilled in the same discipline 
could reproduce the invention. Include the following as necessary: 

1 - data pertaining to the invention; 4- procedural steps if a process; 

2- drawings or photographs illustrating the invention; 5- a description of any prototype or working model; 

3- structural formulae if a chemical; 

In general, a manuscript that has been prepared for submission to a journal will satisfy this requirement. 
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8. Workable Extent/Scope [Describe the future course of related work, and possible variations of the present 
invention in terms of the broadest scope expected to be operable; if a compound, describe substitutions, breadth 
of substituents, derivatives, salts etc., if DNA or other biological material, describe modifications that are 
expected to be operable, if a machine or device, describe operational parameters of the device or a component 
thereof, including alternative structures for performing the various functions of the machine or device] 

This is a general method with a wide range of potential applications. The major features are sensitive 
detection of genetic changes, including point mutations, and the ability to multiplex their detection. 

Adapting the system to detect different targets is accomplished by simply designing new oligonucleotides 
for the first step. We have demonstrated proof-of-principle experiments for the following: 
-Early detection of cancer 
-Minority variant HIV detection (K103N etc). 

Future related work will further expand the range of applications, including but not limited to: SNP/rare 
allele detection in pooled DNA, detection of known paternal point mutations in maternal peripheral blood, and 
bone marrow engraftment analysis. 

The second step of the process is universal. Ml 3 forward and reverse primers are used in addition to two 
probes with no cross-reactivity to each other. Therefore one can easily adapt the system to different DNA targets 
to determine their absolute or relative concentrations. Other primers can be used as universal primers and any 
region of foreign DNA can be used for the detection probe. Detection of the product is most commonly done by 
real-time PCR. Alternative methods of detection include bead hybridization, rolling circle amplification, etc. 



9. References [Please cite relevant journal citations, patents, general knowledge or other public information 
related to the invention and distinguish between references that (A) contain a description of the current invention 
from those that (B) contains background information.] 

Shi C, Eshleman SH, Jones D, Fukushima N, Hua L, Parker AR, Yeo CJ, Hruban RH, Goggins MG, and 
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variants with the K103 nevirapine (NVP) resistance mutations in some women and infants after single dose 
NVP: HJVNET 012. In Preparation. 

LigAmp vs. OLA 

Oligonucleotide Ligation Assay involves selective ligation of ligation primers on a mutation containing DNA 
target. The DNA target is most commonly produced by PCR amplification, and the ligated products are 
commonly detected on an automated DNA sequencing instrument. LigAmp involves selective ligation to convert 
DNA into a foreign molecule that can be subsequently detected by an amplification strategy, most commonly real- 
time PCR. 

Redston, M.S., Papadopoulos, N., Caldas, C, Kinzler, K.W. & Kern, S.E. Common occurrence of APC 
and K-ras gene mutations in the spectrum of colitis-associated neoplasias. Gastroenterology 108, 383-92 
(1995). 

Rothschild, C.B., Brewer, C.S., Loggie, B., Beard, G.A. & Triscott, M.X. Detection of colorectal cancer K- 
ras mutations using a simplified oligonucleotide ligation assay. J Immunol Methods 206, 11-9 (1997). 
LigAmp vs. LCR 

Ligase chain reaction is an assay that also uses selective ligation. Ligase is substituted for the polymerase that is 
used in PCR and four oligonucleotides are used (2 per DNA strand). 

BaranyF. Genetic disease detection and DNA amplification using cloned thermostable ligase PNAS 88- 189- 
193 (1991). 
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ABSTRACT 

Objective: The fflVNET 012 trial showed that single dose (SD) nevirapine (NVP) can prevent 
HIV-1 mother-to-child transmission. However, NVP-resistant variants were selected in some 
women and infants. We tested whether variants with the K103N mutation could persist at low 
levels in women and infants for a year or more after SD NVP exposure using an assay with a 
lower limit of detection of 0.1%. 

Methods: Plasma collected before and up to 12-24 months after SD NVP was available from 
nine women and five infants in the fflVNET 012 cohort. Samples were genotyped using the 
ViroSeq system, and the level of K103N-containing variants was quantified using a sensitive 
resistance assay, LigAmp. Selected samples were also analyzed with a yeast-based, phenotypic 
resistance assay, TyHRT. 

Results: At 6-8 weeks after NVP, K103N was detected by ViroSeq in eight of 9 women and two 
of 5 infants, and was detected by LigAmp at a level above 0.1% in eight of 9 women 
(median=12.6%) and three of 5 infants (median=0.55%). At 12-24 months, K103N was not 
detected by ViroSeq in any of the samples, but was detected above pre-NVP levels in three of 9 
women (at 0.8%, 1.3%, and 3.5%) and one of 5 infants (at 1.5%). Persistence of K103N in the 
12-24 month samples was confirmed using the TyHRT assay. 

Conclusions: K103N-containing HIV-1 variants can persist in some women and infants for a 
year or more after SD NVP. Assays that can quantify HIV-1 variants at low levels may provide 
new insight into the impact of antiretroviral drug exposure on HIV-1 evolution. Further studies 
are needed to determine the clinical significance of minority variants with NVPR mutations. 
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INTRODUCTION 



Approximately 800,000 children are infected with HIV-1 world-wide, most in resource- 
poor settings that have limited access to antiretroviral drugs for treatment and prevention of HIV- 
1 infection. Short regimens of antiretroviral prophylaxis can reduce the risk of HIV-1 mother-to- 
child transmission. The HIVNET 012 regimen, which consists of a single dose of nevirapine 
(NVP) to women in labor and a single dose of NVP to infants shortly after birth, is simple, safe, 
inexpensive, and effective for prevention of mother-to-child transmission (pMTCT) [1,2]. The 
HIVNET 012 regimen is endorsed by the World Health Organization for use in resource-limited 
settings. 

A potential disadvantage of the HIVNET 012 regimen is the emergence of NVP 
resistance (NVPR) in some women and infants after NVP administration. Women enrolled in 
HIVNET 012 were antiretroviral drug naive, and did not receive any other antiretroviral therapy, 
consistent with the standard of care in Uganda at the time the trial was performed. Six to eight 
weeks after single dose NVP administration, NVP-resistant HIV-1 strains were detected in 70 
(25%) of 279 women [3] and 11 (46%) of 24 infants [4]. The most common NVPR mutations 
detected were K103N in women and Y181C in infants, although other NVPR mutations were 
also detected. Emergence of NVPR after single dose NVP was subsequently observed in other 
studies [5-10]. Selection of NVPR in this setting is concerning, since it could potentially reduce 
the efficacy of NVP-containing regimens for pMTCT in subsequent pregnancies, or the efficacy 
of non-nucleoside reverse transcriptase (RT) inhibitor (NNRTI)-containing regimens for future 
treatment of HIV-1 infection in women and infants who received NVP prophylaxis. Furthermore, 
a recent study from Thailand demonstrated that women with prior exposure to single dose NVP 
had a reduced virologic response to a subsequent NNRTI-containing regimen. The effect, 




although slight, was more marked among women who received single dose NVP less than 6 
months prior to treatment [11]. NVP-resistant variants selected in women by single dose NVP 
could also potentially be transmitted to infants by breast-feeding, or to others in the community. 

Few studies have evaluated how long NVP-resistant fflV-1 variants persist in women or 
infants after single dose NVP. In HIVNET 012, long-term follow-up samples (from 12-24 
months after single dose NVP) were available for 1 1 women and 6 infants who had NVPR at 6-8 
weeks. No NVPR mutations were detected in those samples [4]. In the HIVNET 023 trial in 
Zimbabwe, variants with NVPR mutations faded from detection in all but one woman by 6 
months post-partum [5]. However, in a South African cohort, 55/155 (35%) of women still had 
detectable NVPR mutations at 6 months post-partum (all with K103N, and two with G190A) 
[12]. Persistence of NVPR mutations in that study was associated with higher viral loads and 
lower CD4 cell counts. While those studies suggest that NVPR mutations are replaced with wild 
type HIV-1 over time in most women and infants, the genotyping assays used in those studies, 
which are based on population (bulk) sequencing, do not provide information about the level of 
NVP-resistant HIV-1 variants in plasma, and are relatively insensitive for detection of drug 
resistance mutations in HIV-1 variants that are present as mixtures with wild type virus. 

In this exploratory study, we used sensitive and quantitative assays to analyze the 
emergence and persistence of HIV-1 variants with the K103N mutation in a subset of women 
and infants in the HIVNET 012 cohort. 

MATERIALS AND METHODS 
HIV Genotyping 
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HIV-1 genotyping was performed with the ViroSeq™ HIV-1 Genotyping System (Celera 
Diagnostics, Alameda, CA). This system involves HIV-1 RNA isolation and reverse 
transcription, followed by a single 40-cycle PCR amplification which yields a 1.8 kb PCR 
product. The PCR product is purified and sequenced with seven different primers using an ABI 
PRISM 3100 Genetic Analyzer (BigDye®, Applied Biosystems, Foster City, CA). Sequences 
were examined for mutations associated with NVPR (A98G, L100I, K101E/P/Q, K103N/S, 
V106A/M, V108I, V179D, Y181C/I, Y188C/H/L, G190A/S/E, M230L), as well as accessory 
mutations (V106I, P225H, Y318F) and mutations associated with NVP hypersusceptibility 
(P236L) [IAS-USA Drug Resistance Mutations Group (2002), Stanford HIV RT and Protease 
Sequence Database ChttpV/hivdb.stanford.edu/cgi-bin/NNRTIResiNote.cgi ^. Polymorphisms at 
positions 135 and 283, which may also influence NVP susceptibility [13], were also noted. 

Quality control of sequencing data 

For each sample, a sequence corresponding to protease amino acids 1-99 and RT amino 
acids 1-320 was obtained. Genotypes were analyzed only if bi-directional sequence data was 
obtained at all positions of NVPR mutations. Phylogenetic reconstructions were performed using 
the complete set of sequences obtained from the maternal and infant samples. This analysis 
provided evidence that the data set from those subjects was valid, without evidence of sample 
mis-identification or cross-contamination. 

Detection of the K103N mutation using the LigAmp assay 
Oligonucleotide ligation 

Ligation was performed using 100 pg of plasmid-derived or plasma-derived ViroSeq 




PCR products amplified without dUTP. The concentration of DNA in each sample was 
determined using a NanoDrop spectrophotometer (ND-1000, NanoDrop Technologies, 
Wilmington, DE). Gel-purified ligation oligonucleotides were purchased from Invitrogen, Corp. 
(Carlsbad, CA, Table 1). PCR products (ligation templates) were incubated with 1 pmol of the 
upstream oligonucleotide, 2 pmol of the downstream oligonucleotide and 4 U P/w DNA ligase in 
lx Pfu Ligase Buffer (Stratagene, La Jolla, CA). Samples were denatured at 95°C for 1 minute, 
followed by 99 two-step cycles alternating 95°C for 30 seconds with 50°C for 4 minutes. A 
negative control (no DNA template) was included with each set of ligation reactions, and was 
carried through the real-time detection step. 

Real-time PCR Detection 

Real-time PCR was performed using a SmartCycler (Cepheid, Sunnyvale, CA). Each 25 
\i\ reaction contained 5 pmol Ml 3 forward primer and 5 pmol M13 reverse primer (Invitrogen, 
Table 1), 5 p.1 of the unpurified ligation reaction, 12.5 |li1 platinum Quantitative PCR SuperMix- 
UDG (Invitrogen), and 5 pmol of the LacZ probe (Integrated DNA Technology, Coralville, IA, 
Table 1). Reactions were pre-incubated at 50°C for 2 min and 95°C for 2 min, followed by 45 
two-step cycles of 95°C for 10 seconds alternating with 64°C for 25 seconds. The cycle 
threshold was manually set in the middle of the linear range of the amplification curve for each 
experiment (log scale). A negative control (no DNA template) was included with each set of 
real-time PCR reactions. 

Yeast TyHRT assay 




Reverse transcription assays were carried out in yeast strain DG1251 (MATa ura3-167 trpl-hisG 
spt3-101 his3D200). The plasmid pHARTl has theBsrGI-PvuII fragment of the fflV-1 RT coding 
removed resulting in the deletion of fflV-1 RT amino acids 37-250. BsrGI/PvuII linearized, gel purified 
pHARTl (100-200 ng) and fflV-1 RT domain PCR product (200-500 ng) were co-transformed into 
DG1251 using a lithium acetate protocol [14]. Transformants were selected on SC-URA (synthetic 
complete media missing uracil) + glucose plates [15]. Transformants were arrayed in small (100/plate) 
or large (25/plate) patches on SC-URA+glucose plates using sterile toothpicks. Following incubation 
overnight at 30°C arrayed patches were replica plated with velveteen to SC-URA+galactose plates with 
or without inhibitor and grown 2 days at 30°C to induce expression of the hybrid retroelements which 
are under the control of the GAL1 promoter [16]. The plates were then replica plated to SC-fflS (SC 
missing histidine) +/- inhibitor and grown for 3-4 days at 30°C to select reverse transcription events. 
NVP was dissolved in dimethylsulfoxide (DMSO) and used at 80-160 u.M at a final DMSO 
concentration of 1%. 

For DNA sequencing, fflV-1 RT domains in TyHRT elements were obtained by growing isolates 
overnight in 10 ml SC-URA at 30°C and preparing DNA with a glass bead/phenol extraction method. 
DNA was suspended in 50 ul water and 0.5-1.0 ul was used in a 50 ul PCR reaction to amplify the RT 
domain. Amplification was carried out for 35 cycles (94°C for 1 min, 60°C for 1 min, 72°C for 2 min) 
using primers A-35 (5 'GAACCTCCGAG ATCG AAG A3 ' ) and 11097 
(5 ' GCACTGCCTCTGTTA ATTGT3 ' ) resulting in a PCR product that includes the fflV-1 RT coding 
region for amino acids 1-367. PCR products were purified with the Qiaquick 96 PCR Purification Kit 
(Qiagen Sciences, Germantown, MD) and sequenced with internal primers B275 
(5 ' AGACTTCTGGGA AGTTC A AT3 ' ), 220F (5 'TGGAGA A A ATTAGTAG ATTT3 ' ) and J801 
(5 ' ATCCCTGGGTA A ATCTG ACT3 ' ). 



RESULTS 



Samples used for analysis 

Plasma samples were obtained from nine women and five infants enrolled in HIVNET 
012 who had NVPR mutations detected using the ViroSeq assay 6-8 weeks after single dose 
NVP and who had pre-NVP samples and follow-up samples (collected 12-24 months after NVP 
administration) available for analysis. HIV-1 subtypes were determined previously by 
phylogenetic analysis of pol region sequences [3,17]. Three women and two infants had subtype 
A (M-660, M-790, M-847, 1-466, 1-545), and six women and three infants had subtype D (M- 
470, M-474, M-554, M-750, M-755, M-830, 1-750, 1-788, 1-827). Samples were collected from 
the women prior to NVP, at delivery, and at 7 days, 6-8 weeks and 12-24 months post-partum. 
Samples were collected from the infants at birth and at 6-8 weeks, 14-16 weeks and 12 months of 
age. 

Detection of NVPR mutations using the ViroSeq assay 

Plasma samples were analyzed with the FDA-cleared ViroSeq HIV-1 Genotyping 
System, which is based on population (bulk) sequencing of amplified DNA (see Methods). All 
of the samples collected from women prior to NVP or at delivery were wild type (no NVPR 
mutations detected, Figures la and 2a). Genotyping results were obtained for five of the nine 
women 7 days after NVP (one woman had no sample, and three women had samples with viral 
loads < 2,000 copies/ml that failed to amplify adequately for population sequencing). NVPR 
mutations were detected in samples from two of the five women: one had Y181C and one had 
Y181C+G190A. At 6-8 weeks after NVP, five women had K103N, three had K103N+Y181C, 



and one had V108I. All of the samples collected 12-24 months after NVP were wild type. 

All of the samples collected from infants at birth were wild type (Figures lb and 2a). At 
6-8 weeks after NVP, all five infants had NVPR mutations detected: two had Y181C, one had 
K103N, one had K103N+Y181C, and one had Y181C+Y188C. Samples collected 14-16 weeks 
after NVP were available for four of the five infants; one had Y181C and one had K103N. The 
G190A mutation was detected in one infant at 12 months of age; that mutation was not detected 
in samples collected from the same infant at earlier study visits. The 12-month samples from the 
other four infants were wild type. 

All of the NVPR mutations detected in the samples from women and infants were 
detected as mixtures with wild type viruses, with the exception of the K103N mutation in the 6-8 
week and 14 week samples from infant 1-545. When K103N was detected, it was exclusively or 
predominantly encoded by the codon, AAC. The alternative codon, AAT, was present at a low 
level along with AAC in some samples. One exception was the 6-8 week sample from infant I- 
750, in which K103N was encoded by exclusively by AAT. 

Optimization of the LigAmp assay for analysis of the K103N mutation in HIV-1 subtypes A 
and D 

HIV-1 genotyping assays based on population sequencing are designed to detect drug 
resistance mutations in the major viral population and are relatively insensitive for the detection 
of mutations that are present at low levels. Furthermore, those assays can not be used to quantify 
the level of resistant variants in the viral population. We used a novel assay, LigAmp [18], to 
detect and quantify HIV-1 variants with the K103N NVPR mutation. The K103N mutation was 
studied since it was the most common NVPR mutation selected in women in HIVNET 012 after 




NVP exposure [3] and the most common mutation detected 6 months after NVP exposure in a 
South African cohort [12]. 

LigAmp is a two-step assay. The first step of the assay involves hybridization of two 
adjacent oligonucleotides to a DNA template. The 3' terminal nucleotide of the upstream ligation 
oligonucleotide is designed to hybridize (match) the template only if the template contains the 
mutation of interest. Hybridization of the 3' end of the upstream oligonucleotide to the template 
DNA is required for ligation of the two oligonucleotides to one another. The ligation 
oligonucleotides contain Ml 3 tails that serve as primer binding sites in a subsequent, universal 
real-time PCR detection step. The upstream oligonucleotide also contains a foreign sequence 
(e.g. LacZ), which serves as a binding site for the Taqman probe in the real-time PCR detection 
step. In real-time PCR, a fluorescent dye is released from the probe during amplification, which 
allows the amplification to be monitored. A level of fluorescence is defined (threshold); the 
amplification cycle at which the threshold is achieved (cycle threshold) is inversely proportional 
to the amount of DNA in the initial reaction. 

We optimized the LigAmp assay for detection and quantification of the K103N mutation 
(codon AAC at position 103 in fflV-1 RT) in subtype A and D HIV-1. First, we designed 
ligation oligonucleotides for each subtype, based on Ugandan consensus sequences (Table 1 and 
Figure 3). Sequences from Ugandan women and infants typically differ from one another at 
positions near the K103N mutation, reflecting the natural genetic diversity of HIV-1. To render 
the LigAmp assay less sensitive to sequence differences near K103N, the length of the ligation 
oligonucleotides was extended and the temperature of the ligation reaction was reduced (see 
Methods). Primers and probes used in the real-time PCR detection step of the LigAmp assay are 
universal and did not require any modification for detection of K103N in these subtypes. 




To generate reference reagents, we isolated plasmids containing the HIV-1 pol region 
from Ugandan women with HIV-1 subtype A and D. The plasmids were selected to represent 
the genetic diversity typically observed among individuals of each subtype (Figure 3). Plasmids 
with and without the K103N mutation were isolated from each woman. The pol region of the 
plasmids was then re-amplified and mixtures of mutant and wild-type DNA were prepared for 
each women at mutant DNA concentrations of 100%, 10%, 1%, 0.1%, 0.01% and 0%. The DNA 
dilution panels were then analyzed in the LigAmp assay using the subtype A- or D-specific 
ligation oligonucleotides. The standard curves generated for each dilution panel (% K103N vs. 
cycle threshold) were nearly identical (Figures 4a and 4b), despite the fact that the HIV-1 
sequences from the women varied at the ligation oligonucleotide binding regions (Figure 3). 

Detection and quantification of the K103N mutation in plasma HIV-1 from women and 
infants using the LigAmp assay 

For the analysis of plasma HIV-1, we used PCR products produced in the ViroSeq 
system. PCR amplification in the ViroSeq system usually incorporates dUTP into the PCR 
products as part of a contamination control system. The presence of dUTP in the PCR products 
does not interfere with the LigAmp assay, but does interfere with cloning-based assays, such as 
the yeast TyHRT system (see below). Plasma samples available for this study were limited in 
volume. To permit analysis of the same samples with the yeast assay, samples were amplified 
without dUTP. PCR products from each sample were analyzed using LigAmp in three 
independent experiments. For each experiment, a standard curve (e.g. control dilution curve 
derived from one woman with the same HIV-1 subtype) was included as an internal control and 
was used to quantify the percentage of K103N in each sample (e.g. Figures 4c and 4d). 




Results from the analysis of the maternal samples are shown in Figures la and 2a. In 
most cases, the % K103N in samples collected prior to NVP exposure or at the time of delivery 
was less than 0.1%. Selection of the K103N mutation was evident in eight of the nine women at 
7 days and/or 6-8 weeks after NVP. In the 6-8 week samples, the mean % K103N among the 
eight women was 13.9%. In six women, the K103N mutation faded below 0.1% by 12-24 
months after delivery (Figure la). However, in three women, K103N was detected above the pre- 
NVP level (at 0.8%, 1.3%, and 3.5%) a year or more after NVP administration (Figure 2a). 

Results from the analysis of the infant samples are shown in Figures lb and 2a. The % 
K103N was less than 0.1% in two of the infants at birth. In the other three infants, K103N was 
detected at a low level in at least one of the triplicate runs. The K103N mutation was detected 
above 0.1% in four of the five infants 6-8 weeks after NVP. The level of K103N remained high 
in one infant at the 14-16 week visit. In two infants, the mutation faded below 0.1% by 14-16 
weeks. The fourth infant who had K103N detected at 6-8 weeks did not have a 14-16 week 
sample. In the infant, who had high levels of K103N at the 6-8 and 14-16 week visits (1-545), 
K103N was detected at a level of 1.5% a year after single dose NVP (Figure 2a). 

Comparison of results from the ViroSeq and LigAmp assays 

The % K103N detected by the LigAmp assay (mean of three experiments) was above 
0.1% in 20 of the 63 samples tested. The ViroSeq assay detected the K103N mutation in 11 of 
those samples, including all samples where the mean LigAmp result was above 5%, and three 
samples where the % K103N was below 5% (4.2%, 3.7%, and 0.15%). In the sample with 
0.15% K103N (the 6-8 week sample from infant 1-750), the K103N mutation detected by 
ViroSeq was encoded by AAT, not by AAC, which was probed in the LigAmp assay. 




Analysis of NVPR using the TyHRT assay 

Results from the LigAmp assay reveal that the K103N mutation persisted above the pre- 
NVP level in three women and one infant a year or more after single dose NVP (Figure 2a). We 
analyzed the samples from those women and infants using an independent method, the yeast 
TyHRT system, to confirm persistence of the K103N mutation. Samples from infant 1-750, who 
had the G190A mutation detected in the 12-month sample using the ViroSeq assay, were also 
analyzed with the TyHRT assay for confirmation. 

The TyHRT assay is a genetic assay that allows one to screen libraries of HIV-1 RT- 
containing clones for RT activity and NVP susceptibility. First, amplified HIV-1 pol region 
DNA from test samples is co-transformed into the yeast, S. cerevisiae, with a plasmid containing 
a TyHRT element with a deletion in the RT region. The HIV-1 RT DNA is introduced into the 
TyHRT element by homologous recombination. Each isolate carries a unique RT domain and 
the library of isolates is representative of the RT domains present in the original viral sample. 
The TyHRT elements carry the reverse transcription indicator gene, his3 AI. Expression and 
reverse transcription of the TyHRT element by the recombined HIV-1 RT results in conversion 
of the his3Al gene into a functional HIS3 gene [19], which enables the transformed yeast to grow 
on media lacking histidine. RT activity is selected for on media lacking histidine. Selection in 
the presence of NNRTIs measures the NNRTI susceptibility of individual RT clones. Analysis 
of the RT activity and NNRTI susceptibility [20] of the isolates present in large libraries makes it 
possible to detect NNRTI-resistant RT variants that are present at low frequency. Plasmids from 
selected NNRTI-resistant clones are sequenced to identify NNRTI resistance mutations in the 
HIV-1 RT coding region. 



Comparison of results from the LigAmp and TyHRT assays 

Results from the LigAmp assay (% K103N) and the TyHRT assay (% NVPR) are shown 
in Figure 2b. Results from the two assays were consistent. Clones with phenotypic NVPR were 
isolated in the TyHRT assay from all of the samples that had K103N detected by the LigAmp 
assay. K103N was detected among the resistant clones in all but one of those samples (the 7 day 
sample from woman M-750). That sample had K103N detected at a low level in the LigAmp 
assay (mean = 0.06%); neither of the two NVPR clones that were isolated and sequenced in the 
TyHRT assay had the NVPR mutation. In three samples, phenotypic NVPR was detected in the 
TyHRT assay, but K103N was not detected in the LigAmp assay (the delivery sample from 
woman M-750, and the delivery and 7 day samples from woman M-474). NVP-resistant clones 
from those samples (2-8 clones per sample) isolated in the TyHRT assay did not have the K103N 
mutation. In the four long-term follow-up samples, K103N was detected by the LigAmp assay 
in the long-term follow-up samples at 1.3%, 3.5%, 0.8%, and 1.5% (for women M-750, M-830, 
and M-474 and infant 1-545 respectively). The % NVPR detected in the TyHRT assay was 0.6%, 
11%, 3.4%, and 0.3% for those samples, reflecting isolation of 2, 33, 7, and 1 NVP-resistant 
clones. Even though relatively few NVP-resistant clones were isolated, K103N was detected 
among the NVP-resistant clones from all four samples. In contrast, long-term follow-up samples 
from women and infants who did not have K103N detected by the LigAmp assay (Figure 1), had 
relatively few NVP-resistant clones isolated in the TyHRT assay, and none of the clones that 
were sequenced had K103N (data not shown). In the infant, 1-750, the G190A mutation was 
detected by the ViroSeq assay in the 12-month sample. That mutation was also detected among 
NVP-resistant clones isolated from that sample in the TyHRT assay. 




PISCUkSSIQN 

Analysis of plasma HIV-1 using the LigAmp assay reveals persistence of the K103N 
mutation above pre-NVP levels in 3/9 women and 1/5 infants a year or more after single dose 
NVP administration. Presence of HIV-1 variants with the K103N mutation in the long-term 
follow-up samples from those individuals was confirmed using a second, independent method, 
the yeast TyHRT system. The ability of HIV-1 variants with K103N to persist for a year or more 
after single dose NVP exposure is consistent with data from in vitro studies that demonstrate that 
the K103N mutation confers a relatively small fitness cost [21-23]. Variants with the K103N 
mutation have also been shown to persist for years in the absence of antiretroviral exposure in 
some patients who are infected with resistant strains [24]. While K103N was the major mutation 
detected by the ViroSeq assay in women in HIVNET 012 after single dose NVP [3], Y181C was 
the most common mutation detected in infants [4]. This is consistent with our finding of lower 
levels of K103N in the infant samples using the LigAmp assay. Ligation oligonucleotides 
specific for Y181C and other NVPR mutations could be designed for the LigAmp assay to 
examine the emergence and fading of mutations other than K103N. Detection of G190A in one 
infant at 12 months of age using both the ViroSeq and TyHRT assays confirms that variants with 
other NVPR mutations can persist in infants for a year after single dose NVP. The length of time 
individual NVPR mutations persist in women and infants after single dose NVP is likely to 
depend on the impact of each mutation on viral replication once the drug is cleared. In HIVNET 
012, HIV-1 subtype influenced the rate of fading of NVPR mutations in women between 7 days 
and 6-8 weeks after NVP administration [25]. Further studies are needed to evaluate the impact 
of HIV-1 subtype and other factors, such as viral load, on the long-term persistence of K103N 




and other NVPR mutations after single dose NVP or other NVP-containing regimens used for 
pMTCT. 

The LigAmp assay was particularly useful for quantification of K103N-containing 
variants in this study. This assay has an impressive linear range and can quantify variants down 
to a level of 0.1%. Greater levels of sensitivity can be achieved for detection of mutations in 
other systems (e.g. detection of cancer-associated mutations in genomic DNA) where genetic 
diversity around the mutation site is not an issue [18]. The assay can be performed without the 
need for patient-specific primers (which may be required for some mutation-specific real-time 
PCR assays for HIV-1 drug resistance mutations), and can be performed using PCR products 
remaining from routine genotyping. This was an advantage in this study, since the original 
plasma samples collected from women and infants were limited in volume. The assay is 
relatively simple to perform and uses very low concentrations of template, allowing one to 
perform replicate reactions for numerous drug resistance mutations from a single sample. Our 
previous report demonstrates that LigAmp can be used for simultaneous detection of different 
mutations [18]. A multiplex version of the LigAmp assay that could be used for simultaneous 
detection of different HIV-1 drug resistance mutations is in development. 

The TyHRT assay also offers unique advantages for analysis of HIV-1 drug resistance 
mutations. That assay provides phenotypic selection of drug resistant variants, which can be 
further characterized by DNA sequencing. That approach may be particularly useful for analysis 
of low-level drug-resistant variants in non-B HIV-1 subtypes, where the genetic correlates of 
antiretroviral drug resistance are not well-defined. 

In this report, the % K103N in long-term follow-up samples ranged from 0.8 to 3.5% 
(mean = 1.8%). Our preliminary analysis of HIVNET 012 samples with the TyHRT assay 




suggests that other mutations, such as G190A, may also persist in some individuals after single 
dose NVP. Further studies are needed to determine whether persistence of NVPR mutations at 
low levels after single dose NVP prophylaxis compromises efficacy of NNRTI-containing 
regimens for HIV-1 treatment or pMTCT in subsequent pregnancies, especially years after NVP 
exposure. Emergence of NVPR in women and infants receiving regimens for pMTCT can 
usually be prevented by providing pregnant women with potent combination antiretroviral 
therapy. However, in resource-poor countries, there is often little access to antiretroviral drugs. 
Simpler regimens, such as the fflVNET 012 regimen, are more likely to be used for pMTCT. 
Some studies have evaluated the rate of NVPR in women who received single dose NVP for 
pMTCT in combination with other antiretroviral drugs. Using routine genotyping assays, NVPR 
was still observed in women after single dose NVP in PACTG 316 despite concurrent treatment 
with at least one active antiretroviral drug [6]. When single dose NVP was combined with short 
course zidovudine (ZDV) in the setting of pMTCT, NVPR was still seen in 21/74 (33%) of 
women in a study from the Ivory Coast [8], and in 33/190 (17%) of women from Thailand [26]. 
However, preliminary data from a clinical trial in South Africa suggest that addition of four or 
seven days of combivir (ZDV+3TC) to a single dose NVP regimen may reduce NVPR rates [27]. 
Further studies are needed to confirm those findings, and to evaluate the rate of NVPR in infants 
receiving single dose NVP in combination with ZDV or other drugs. Sensitive resistance assays, 
such as LigAmp, may be useful for evaluation of the persistence of resistant variants. 

The HIVNET 012 regimen is safe, simple, and effective, and offers hope for preventing 
HIV-1 infection in thousands of infants around the world. If NNRTI-based regimens are found 
to be less effective for HIV-1 treatment or pMTCT in women and infants with prior single dose 
NVP exposure, and if the availability of antiretroviral drugs improves in resource-poor settings, 



those women and infants could still be offered regimens for HIV-1 treatment and pMTCT that 
contain other antiretro viral drugs. 



ACKNOWLEDGMENTS 

The authors thank the HIVNET 012 team for providing the samples used in analysis. We 
acknowledge the assistance of Melissa Allen (Protocol Specialist, Family Health International), 
and thank Estelle Piwowar-Manning, Constance Ducar, and the laboratory staff in Uganda for 
assistance with sample processing. The authors thank Boehringer Ingelheim for providing NVP 
for these studies. 




REFERENCES 



[1] Guay LA, Musoke P, Fleming T, Bagenda D, Allen M, Nakabiito C, Sherman J, Bakaki P, 
Ducar C, Desey ve M, Emel L, Mirochnick M, Fowler MG, Mofenson L, Miotti P, Dransfield K, 
Bray D, Mmiro F, and Jackson JB (1999). Intrapartum and neonatal single-dose nevirapine 
compared with zidovudine for prevention of mother-to-infant transmission of HIV-1 in Kampala, 
Uganda: HIVNET-012 randomised trial. Lancet 354:795-802. 

[2] Jackson JB, Musoke P, Fleming T, Guay L, Bagenda D, Allen M, Nakabiito C, Sherman J, 
Bakaki P, Owor M, Ducar C, Deseyve M, Emel L, Mirochnick M, Fowler MG, Mofenson L, 
Miotti P, Gigliotti M, Bray D, and Mmiro F (2003). Intrapartum and neonatal single-dose 
nevirapine compared with zidovudine for prevention of mother-to-child transmission of HIV-1 in 
Kampala, Uganda: 18 months follow-up of the HJVNET 012 randomised trial. Lancet 362:859- 
868. 

[3] Eshleman SH, Guay LA, Mwatha A, Brown E, Cunningham SP, Musoke P, Mmiro F, and 
Jackson JB (2004). Characterization of nevirapine (NVP) resistance mutations in women with 
subtype A vs. D HIV-1 6-8 weeks after single dose NVP (HJVNET 012). J Acquir Immune 
DeficSyndr 35:126-130. 

[4] Eshleman SH, Mracna M, Guay LA, Deseyve M, Cunningham C, Mirochnick M, Musoke P, 
Fleming T, Fowler MG, Mofenson LM, Mmiro F, and Jackson JB (2001). Selection and fading 
of resistance mutations in women and infants receiving nevirapine to prevent HIV-1 vertical 
transmission (HJVNET 012). AIDS 15: 195 1-1957. 

[5] Kantor R, Lee E, Johnston E, Mateta P, Zijenah L, Maldonado Y, and Katzenstein D (2003). 
Rapid flux in non-nucleoside reverse transcriptase mutations among subtype C HIV-1 -infected 
women after single dose nevirapine. Antiviral Therapy 8:S85. 

[6] Cunningham CK, Chaix M-L, Rekacewicz C, Britto P, Rouzioux C, Gelber RD, Dorenbaum 
A, Delfraissy JF, Bazin B, Mofenson L, and Sullivan JL (2002). Development of resistance 
mutations in women receiving standard antiretroviral therapy who received intrapartum 
nevirapine to prevent perinatal human immunodeficiency virus type 1 transmission: a substudy 
of Pediatric AIDS Clinical Trials Group Protocol 316. J Infect Dis 186:181-188. 
[7] Gordon M, Graham N, Bland D, Rollins N, DeOliveira T, Monosi B, Van Laethem K, 
Vandamme A, and Cassol S (2004). Surveillance of resistance in KZN South Africa, including 
mother-infant pairs 6 weeks after single-dose NVP. Antiviral Therapy 9:S80. 
[8] Chaix ML, Ekouevi DK, Peytavin G, Rouet F, Bequet L, Montcho C, Viho I, Fassinou P, 
Leroy V, Dabis F, and Rouzioux C (2004). Persistance of nevirapine-resistant virus and 
pharmacokinetic analysis in women who received intrapartum NVP associated to a short course 
of zidovudine (ZDV) to prevent perinatal HTV-1 transmission: the Ditrame Plus ANRS 1201/02 
Study, Abidjan, Cote d'lvoire. Antiviral Therapy 9:S176. 

[9] Martinson N, Morris L, Gray G, Moodley D, Lupondwana P, Chezzi C, Cohen S, Pillay C, 
Puren A, Ntsala M, Sullivan J, Steyn J, and Mclntyre J. (2004). HIV resistance and transmission 
following single-dose nevirapine in a PMTCT cohort. 11th Conference on Retroviruses and 
Opportunistic Infections Abstract #38, San Francisco, CA. 

[10] Ngo-Giang-Huong N, Tungyai P, Kummee A, Jenjaroen K, Winiyakul N, Mailtong P, 
Chanladarat T, Ruangsirinusorn S, Sangsawang S, Srichandraphan W, Jitphiankha W, 
Laphikanont W, Haesungcharem A, and Lallemant M. (2004). Profile of NNRI associated 
mutations in women exposed to a single dose of nevirapine during delivery in Thailand. XV 
International AIDS Conference Abstract #WeOrB1289, Bangkok, Thailand. 



[11] Jourdain G, Ngo-Giang-Huong N, Le Coeur S, Bowonwatanuwong C, Kantipong P, 
Leechanachai P, Ariyadej S, Leenasirimakul P, Hammer S, and Lallemant M (2004). Intrapartum 
exposure to nevirapine and subsequent maternal responses to nevirapine-based antiretroviral 
therapy. N Engl J Med 35 1 :229-40. 

[12] Morris L, Martinson N, Pillay C, Moodley D, Chezzi C, Lupondwana P, Ntsala M, Cohen S, 
Puren A, Sullivan J, Gray G, and Mclntyre J. (2004). Persistence of nevirapine resistance 
mutations 6 months following single dose nevirapine. XV International AIDS Conference 
Abstract #ThOrB 1353, Bangkok, Thailand. 

[13] Leigh-Brown AJ, Precious HM, Whitcomb JM, Wong JK, Quigg M, Huang W, Daar ES, 
D'Aquila RT, Keiser PH, Connick E, Hellmann NS, Petropoulos CJ, Richman DD, and Little SJ 
(2000). Reduced susceptibility of human immunodeficiency virus type 1 (HIV-1) from patients 
with primary HIV infection to nonnucleoside reverse transcriptase inhibitors is associated with 
variation at novel amino acid sites. J Virol 74:10269-73. 

[14] Gietz RD, Schiestl RH, Willems AR, and Woods RA (1995). Studies on the transformation 
of intact yeast cells by the LiAc/SS-DNA/PEG procedure. Yeast 11:355-60. 
[15] Rose MD, Winston F, and Hieter P (1990) Methods in Yeast Genetics: A laboratory . 
Manual., Cold Spring Harbor Lab Press, Plainview, NY. 

[16] Nissley DV, Garfinkel DJ, and Strathern JN (1996). HIV reverse transcription in yeast. 
Nature 380:30. 

[17] Eshleman SH, Guay LA, Fleming T, Mwatha A, Mracna M, Becker-Pergola G, Musoke P, 
Mmiro F, and Jackson JB (2002). Survival of Ugandan infants with subtype A and D HIV-1 
infection (HIVNET 012). J Acquir Immune Defic Syndr 31:327-330. 
[18] Shi C, Eshleman SH, Jones D, Fukushima N, Hua L, Parker AR, Yeo CJ, Hruban RH, 
Goggins MG, and Eshleman JR (2004). LigAmp: Sensitive detection of single nucleotide 
differences. Nature Methods l:In Press. 

[19] Curcio MJ, and Garfinkel DJ (1991). Single-step selection for Tyl element 
retrotransposition. Proc Natl Acad Sci USA 88:936-40. 

[20] Nissley DV, Boyer PL, Garfinkel DJ, Hughes SH, and Strathern JN (1998). Hybrid 
Tyl/HTV-1 elements used to detect inhibitors and monitor the activity of HIV-1 reverse 
transcriptase. Proc Natl Acad Sci USA 95: 13905-10. 

[21] Collins JA, Thompson MG, Paintsil E, Ricketts M, Gedzior J, and Alexander L (2004). 
Competitive fitness of nevirapine-resistant human immunodeficiency virus type 1 mutants. J 
Virol 78:603-11. 

[22] Gerondelis P, Archer RH, Palaniappan C, Reichman RC, Fay PJ, Bambara RA, and 
Demeter LM (1999). The P236L delavirdine-resistant human immunodeficiency virus type 1 
mutant is replication defective and demonstrates alterations in both RNA 5'-end- and DNA 3'- 
end-directed RNase H activities. J Virol 73:5803-13. 

[23] Huang W, Wrin T, Gamarnik A, Beauchaine J, Whitcomb JM, and Petropoulos C. (2002). 
RT mutations that confer NNRTI resistance may also impair replication capacity. XI 
International HIV Drug Resistance Workshop Abstract #72, Seville, Spain. 
[24] Little SJ, Dawson K, Hellmann NS, Richman DD, and Frost SDW (2003). Persistence of 
transmitted drug-resistant virus among subjects with primary HIV infection deferring therapy. 
Antiviral Therapy 8:S129. 

[25] Eshleman SH, Wang J, Guay LA, Cunningham SP, Mwatha A, Brown ER, Musoke P, 
Mmiro F, and Jackson JB (2004). Distinct patterns of selection and fading of K103N and Y181C 



are seen in women with subtype A vs. D HIV-1 after single dose nevirapine: HIVNET 012. 
Antiviral Therapy 9:S59. 

[26] Chalermchokcharoenkit A, Asavarpiriyanont S, Teeraratkul A, Vanprapa N, 
Chotpitayasunondh T, Chaowanachan T, Mock P, Wilarusme S, Skunodom N, Simonds RJ, 
Tappero JW, and Culnane M. (2004). Combination short-course zidovudine plus 2-dose 
nevirapine for prevention of mother-to-child transmission: safety, tolerance, transmission, and 
resistance results. 11th Confon Retroviruses and Opportunistic Infections Abstract #96, San 
Francisco, CA. 

[27] Mclntyre J, Martinson N, Boltz V, Palmer S, Coffin J, Mellors J, Hopley M, Kimura T, 
Robinson P, and Mayers D. (2004). Addition of short course combivir (CB V) to single dose 
viramune (sdNVP) for prevention of mother-to-child transmission (MTCT) of HIV-1 can 
significantly decrease the subsequent development of maternal nnrti-resistant virus. XV 
International AIDS Conference Abstract #LbOrB09, Bangkok, Thailand. 



3>0 



TABLES 

Table 1, Oligonucleotides and primers used in the LigAmp assay* 



Ligation Oligonucleotides 



ST 


Position 


Oligonucleotide sequence 


A 


Upstream 


5 ' ACTGTA A A ACG ACGGCC AGTGTrCCCCT CAAA CTGGCAGATGCA C 
GAGGAATACCACATCCAGCAGGTCTAAAAAAGGAC-3' 


Downstream 


5'AAATCAGTAACAGTACTAGATGTGGGGGTGGTCATAGCTGTTTCC 
TGCA3' 


D 


Upstream 


5'ACTGTAAAACGACGGCCAGTGTrCCCC7CAAAC7GGCAGA7GC4C 
GAGGAATACCACATCCTGCAGGGCTAAAAAAGGAC3' 


Downstream 


5'AAATCAGTAACAGTACTGGATGTGGGTGTGGTCATAGCTGTTTCC 
TGCA3' 



Real-Time PCR Primers and Probe 



M13 forward primer 


5 ' -CTGTA A A ACG ACGGCC AGTG-3 ' 


Ml 3 reverse primer 


5 ' -TGC AGG A A AC AGCT ATG ACC A-3 ' 


LacZ probe 


FAM-5 ' -TCCCCTC A A ACTGGC AG ATGC ACG-3 ' -BHQ- 1 



The sequences of ligation oligonucleotides designed for detection of the K103N mutation 
(AAA -> A AC) for subtype (ST) A and D are shown. Upstream and downstream ligation 
oligonucleotides include M13 tails (underlined). Upstream olignucleotides also include a LacZ 
probe binding site (italics), and an intentional mismatch at the third position from the 3' end 
introduced to enhance the specificity of the LigAmp assay (G, bold). The sequences of primers 
and probes used in the real-time PCR detection step of the LigAmp assay are shown. The 
TaqMan probe includes a fluorophore (FAM) and a quencher (BHQ). 
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FIGURE LEGENPhS 

Figure 1, Analysis of HIV-1 from women and infants who did not have the K103N NVPR 
mutation detected in long-term follow-up samples. 

Plasma samples from women were collected prior to NVP (Pre), at delivery (Del), and at 
7 days (7d), 6-8 weeks (6w) and 12, 14 or 24 months (12m, 14m, 24m) after delivery. Plasma 
samples from infants were collected at birth (B), and at 6-8 weeks (6w), 14 weeks (14w) and 12 
months (12m) after delivery. Results from six women (M-847, M-790, M-660, M-470, M-554, 
M-755, Panel A) and four infants (1-466, 1-827, 1-750, 1-788, Panel B) are shown. NVPR 
mutations detected using the ViroSeq system are shown below each graph. A dash (-) indicates 
that no NVPR mutations were detected. NR indicates that no result was obtained with the 
ViroSeq system. NA indicates that no sample was available for testing. Numbers indicate the 
positions of NVPR mutations (103=K103N, 108=V108I, 181=Y181C, 188=Y188C, 
190=G190A). Polymorphisms at codons 135 and 283 were noted in some of the subjects (I135V 
in 1-827; I135T in M-660, M-755, M-847, and 1-788; L283I in M-755, 1-788, and 1-827). The 
percentage of variants with the K103N mutation was determined in triplicate for each sample 
using the LigAmp assay (% K103N). The mean and standard deviation from the three 
experiments are shown. 

Figure 2. Analysis of HIV-1 from women and infants who had the K103N NVPR mutation 
detected a year or more after single dose NVP administration. 

Panel A: Plasma samples from three women and one infant were analyzed using the ViroSeq and 
LigAmp assays as described in Figure 1. The I135V polymorphism was noted in samples from 
M-474 and M-750. Panel B: The same samples were analyzed using the TyHRT system (see 



text). The percentage of colonies (HTV-1 variants) with NVPR is plotted for each sample (% 
NVPR). The table below the graph provides more detailed information, including the number of 
transformed clones (yeast colonies) isolated with active HTV-1 RT (# clones), the number of 
clones with NVPR (# NVPR), the number of clones with NVPR that were sequenced (# Seq), 
and the number of clones identified with specific NVPR mutations. In addition to the NVPR 
mutations listed in the Methods section, the following amino acid substitutions were noted: M- 
750: some clones had I135V; M-474: some clones had I135V, I132M, and M2301. 1-545: some 
clones had V179I. Genetic linkage of NVPR mutations was observed in some clones. M-750 
had one clone with V106A+Y188C (7 day sample), one clone with K103N+Y188C (6-8 week 
sample), and one clone with V106A+G190A (6-8 week sample). M-830 had two clones with 
K103N+Y181C (6-8 week sample). 

Figure 3- HTV-1 sequences from Ugandan women and infants 

The sequence alignments for subtype A (panel A) and subtype D (panel B) include sequences of 
the HTV-1 binding regions of ligation oligonucleotides used for detection of the K103N mutation 
in the LigAmp assay (Oligos, see Table 1), sequences of the control plasmids used for analysis of 
subtype A (667, 842, 847, 687 and 703) and D (868, 638, 607), and sequences obtained using the 
ViroSeq system (population sequences) from each women (M) and infant (I) 6-8 weeks after 
single dose NVP. Consensus sequences are shown above each alignment. Nucleotides at the third 
position of codon 103 (bracket) are boxed. An A->G substitution at the first base of codon 103 in 
the upstream oligonucleotide (underlined) enhances specificity of the ligation reaction. Dots 
indicate nucleotides that match the consensus sequence. Nucleotide mixtures are indicated using 
TUB codes: M=A+C, R=A+G, Y=C+T, H=A+C+T, W=A+T. 
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Figure 4, Analysis of control plasmids and a representative plas ma sample using the LigAmp 



Standard curves for detection of K103N (see below) were generated using reference plasmids 
from five women with subtype A (Panel A) and three women with subtype D (Panel B). Each 
curve was generated by testing serial dilutions of mutant DNA (with the AAC mutation for 
K103N) in the LigAmp assay. The % K103N in each control sample was plotted against the 
cycle threshold (Ct). Results for the control with no K103N (0% K103N) were similar for those 
obtained with the 0.01% K103N samples. In some experiments, either the 0% control sample or 
the 0.01% control sample failed to achieve threshold. Panels C and D show representative 
results from one experiment (analysis of the K103N mutation in woman M-750). The plot in 
Panel C shows fluorescent detection of the K103N mutation in the real-time PCR detection step 
of the LigAmp assay. The cycle threshold is indicated (horizontal line). Results from the 
analysis of an internal standard curve (10-fold dilutions of DNA containing the K103N mutation) 
are shown in blue (Std. 0.01-100). None of the three negative controls included in the 
experiment achieved cycle threshold (the 0% K103N Control sample, the ligation control (no 
template), and the real-time PCR control (no template), data not shown). Results from analysis of 
samples from one woman (M-750) are shown in red (Pre: pre-NVP; Del: delivery; 7d: 7 days 
after single dose NVP; 6w: 6 weeks after single dose NVP, 14 mo: 14 months after single dose 
NVP). Panel D shows results from panel C plotted as the percentage of HIV-1 variants with the 
K103N mutation (% K103N) vs. cycle threshold. The standard curve (Std. curve, blue) was used 
to determine the % K103N in each plasma sample. Note that the highest % K103N was seen in 
the 6-week visit (open diamond), but that the % K103N was also elevated above baseline 14 



assay. 




months after single dose NVP (open triangle). The experiment shown in Panels C and D was 
performed in triplicate, and results from those experiments were included in the data presented in 
Figure 2. 



We have expanded thg LigAmp reaction m the following ways; 



1) Demonstrated that LigAmp quanitatively detects DNA from cell mixtures (in addition to DNA 
mixes previously demonstrated). 

2) LigAmp on whole genome amplified DNA. 

3) Gap LigAmp futher increases specificity of the reaction. 

4) Pancreas Cancer vs. Pancreatitis. 

5) Detection of Methylated DNA using LigAmp. 

6) LigAmp multiplexing using Bead detection of LigAmp products. 

7) Bile duct Cancer early detection, bile and serum. 

8) Braf mutation detection. 

9) Mitochondrial mutations. 

10) AACR Abstrac t: Shi C, Hua L, Parker AR, Wendelburg BJ, and Eshleman JR. LigAmp: Sensitive 

Detection of Single Nucleotide Differences. American Association for Cancer Research (AACR), 
Proceedings of the American Association for Cancer Research, 986, 2004. 

11) AMP abstract, submitted: 

Shi C, Fukushima N, Hua L, Parker AR, Wendelburg BJ, Yeo CJ, Hruban RH, Goggins MG, 
Eshleman JR. LigAmp: Sensitive detection of single nucleotide differences. Submitted AMP, 
2004. 

12) USCAP abstract, submitted: 

Ultrasensitive detection of kras mutations in bile and serum from patients with biliary cancer 
using ligamp technology. A Chandrasekharan, C Shi, P J Thuluvath, I Wistuba, C A Karikari, P 
Argani, M G Goggins, J R Eshleman and A Maitra 

13) Final Nature Methods, manuscript in Press. 

Shi C, Eshleman SH, Jones D, Fukushima N, Hua L, Parker AR, Yeo CJ, Hruban RH, Goggins 
MG, and Eshleman JR. LigAmp: Sensitive Detection of Single Nucleotide Differences. Nature 
Methods, In Press. 

14) Manuscript by Flys et a l: 

T. Flys , DV. Nissley, CW. Claasen, D Jones, C Shi, LA Guay, P Musoke' F Mmiro, JN. 
Strathern, JB Jackson, JR. Eshleman, SH. Eshleman. "Sensitive drug resistance assays reveal 
long-term persistence of HIV-1 variants with the K103N nevirapine (NVP) resistance mutation in 
some woemen and infants after single done NVP: HP/NET 012." 
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n LigAmp on genomic DNA extracted from cell mixtures 



We have previously demonstrated that LigAmp is able to detect one mutant molecule in the present of 
10,000 wild-type DNA copies using DNA mixtures. Here, we determined its sensitivity using genomic 
DNA isolated from previously made mixtures of mutant and wild-type cells. KRAS2 mutant LS513 
cells were serially diluted into wild-type HeLa cells. The percentage of the mutant cells in the cell 
mixtures ranged from 100% to 0.001%. One microgram of genomic DNA extracted from each cell 
mixture was used for LigAmp. As shown in the figure, using DNA isolated from cell mixture, the 
assay is able to detect one mutant cell in the presence of 10,000 to 100,000 normal cells. 




15 20 25 30 35 40 45 50 



Cycle number 



33- 



2) LigAmp on whole genome amplified (WGA) DNA 



Clinical samples such as serum, plasma and other body fluids often contain only small amounts of 
DNA, which makes it difficult to detect mutant DNA directly using DNA isolated from these samples. 
Moreover, PCR amplification is commonly used to exponentially produce many copies of a DNA 
target sequence, but restricts one to a single gene or at most a handful of genes of interest. PCR based 
whole genome amplification is notoriously biased (not even amplification). Since LigAmp has the 
potential to multiplex many differnt point mutations, we therefore wished to demonstrate whether 
LigAmp could be performed on WGA DNA. 



We therefore performed LigAmp on whole genome amplified DNA. One nanagram of DNA from 
pancreatic cancer patient's pancreas juice samples PJ7 (GAT), PJ66 (GGT) and PJ70 (GAT) were 
subjected to whole genomic amplification. Two hundred nanagrams of amplified products were then 
used as template for LigAmp detection of GAT mutant. Data shows that LigAmp was capable of 
detecting the KRAS2 mutation in whole genomic amplified DNA in PJ7 and PJ70, consistent wtih our 
previous data using PCR-amplified DNA (Shi et al, Nature Methods, 2004). 
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3) GAP LigAmp 



LigAmp assay is a very sensitive point mutation detection strategy, able to detect one mutant DNA 
molecule in the presence of 10,000 wild-type copies. However, in initial work, the amplification signal 
derived from 1: 100,000 DNA mixtures overlapped with that from wild-type DNA only. The 
specificity of the assay is mainly determined by fidelity of the DNA ligase used in ligation step. 
Although we used a thermostable DNA Ligase (pfu DNA ligase) to enhance the specificity, 
misligation still occurs. 

To further increase specificity, we included a Gap, similar to that included in Gap-LCR to improve 
specificity in that reaction. We call the modified reaction GAP-LigAmp. In standard LigAmp, 
upstream and downstream oligonucleotides bind adjacently to each other upon hybridization to the 
target. In GAP-LigAmp, after hybridization to the target, a gap of one or several bases is present 
between these two oligonucleotides. Taq DNA polymerase and the specific nucleotide corresponding 
to the mutant base were added into the ligation reaction to fill the gap, and the resultant 
oligonucleotides can be joined by DNA ligase (Figure A and B). When using wild-type DNA as a 
template, the corresponding wild-type base is not included in the reaction, therefore, no extension 
should occur. In the event that extension still does occur, no ligation should take place. There are then 
two steps that must both occur for ligation to occur and therefore two independent layers of specificity. 

To determine the sensitivity of GAP-LigAmp, we serially diluted a KRAS2 mutant SW480 DNA 
(G12T) into wild-type HeLa DNA (GGT). The compositions in the ligation reaction are similar to that 
in LigAmp, except that GAP upstream oligonucleotide, Taq DNA polymerase (1 U) and dTTP (20 
mmol). The extension/ligation condition are: 95C for 4 min followed by 99 cycles of 95 C for 30 
seconds and 60 C for 4 mins. As shown in the panle C below, GAP-LigAmp is able detect mutant 
KRAS2 at a level of 0.001% (1: 100,000). Wild-type signal is undetectable (does not cross threshold). 
This result suggests that introduction of a GAP into the reaction further improves the specificity of 
LigAmp. 
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4) LigAmp for earlv detection of Pancreas Cancer. 



We have demonstrated that LigAmp can be applied to early detection of cancers. We have expanded 
the series of pancreas cancers patients tested. As shown below, the LigAmp assay detected the 
mutation present in the pancreas cancer. In all cases, this was the dominant mutation detected, except 
for one case. An expanded series of samples and comparison to additional controls is being performed. 



Pancreatic Cancer 



Chronic Pancreatitis 
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5) Application of LigAmp in detection of methylated DNA 



DNA methylation has been used as a biomarker to distinguished tumors from normal tissues. The most 
widely used assay for detection of methylation levels is methylation-specific PCR (MS-PCR). In MS- 
PCR, unmethylated cytosines are first converted into thymine by sodium bisulfate treatment, while 
methylated cytosines in CpG islands are refractory to the treatment, thereby converting methylation 
information into sequence difference. The DNA is then amplified using primers designed specifically 
for methylated or unmethylated DNA. LigAmp was designed to detect point mutations. Single base 
differences between methylated and unmethylated DNA are created after bisulfate modification. 
Therefore, we hypothesized that LigAmp could also be applied to detect methylated DNA. 

In colon cancer, methylation of hMLHl promoter region accounts for some MSI tumors. Analysis of 
hMLHl methylation might be helpful for colon cancer and other cancer detection. Here, we used 
hMLHl as a model to test our hypothesis. Methylation of a small proximal region (-248 to -178 
relative to transcription start site) in the promoter are associated with loss of hMLHl expression. We 
selected a portion of this region as a target for ligation oligonucleotides. The oligonucleotides were 
designed to hybridize to the methylated sequence following bisulfate treatment. The 3 '-end of the 
upstream oligonucleotide pairs with the cytosine base of a methylated CpG island (figure A). Multiple 
CpG islands in the upstream target site, might enhance the specificity, but are not required for the 
assay. 

Genomic DNA was extracted from an hMLHl methylated colon cell line, RKO, and an hMLHl 
unmethylated cell line, HeLa (as a negative control). One microgram genomic DNA was first subjected 
to sodium bisulfate treatment and subsequently column purification. The modified DNA (200 ng) was 
used as ligation template. The Q-PCR Amplification signal for RKO appears earlier than Hela (shown 
in the figure B). The difference in Ct values between RKO and HeLa is 7 cycles. The signal from Hela 
DNA overlapps with that from H20 LigAmp control. This data demonstrate that LigAmp can be used 
to detect methylation. 
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6) Multiplex LigAmp with simultanteous Bead Detection. 



We have demonstrated that the LigAmp reaction can be multiplexed using real-time PCR as the 
detection system. However realtime PCR can only be multiplexed to a certain degree before all of the 
fluorescent channels are exhausted (typically about 4 channels currenlty). We therefore wished to test 
whether LigAmp could be performed using bead detection. Using the Luminex system, 100 beads can 
be distinguished from each other using 10 different levels of 2 independent fluorophors. Each of these 
beads also contains a DNA tag (Flexmap system). Therefore instead of using LacZ or 16SrDNA as 
probes, one can substitute the tags present on the beads. Such a system is illustrated below. In this 
system, 2 different KRAS2 mutations are detected, each on one of the uniquely colored beads. A third 
bead can be used to detect wildtype KRAS. Other beads can be used to detect p53 mutations, Braf 
mutations, etc. 
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7) Pile duct 



earlv detection-Bile and Serum analysis 



LigAmp of KRAS2 mutation on bile and serum collected from patients with biliary cancer 

Many patients with biliary tract carcinoma were diagnosed at an advanced stage, resulting a poor 
prognosis. Early detection of biliary cancer might improve the survival rate. Analysis of cancer-related 
genes present in bile or serum may provide a tool for early diagnosis. The genetic alterations such 
KRAS2 and p53 mutations were observed in sporadic biliary tract cancer. Here, we demonstrate that 
LigAmp can be applied in KRAS2 mutation detection in bile and serum samples from patients with 
biliary cancer. 

DNA isolated from cancer tissues, bile and serum were first subjected to PCR amplification. Five 
hundred picogram PCR DNA was used as template for LigAmp. LigAmp on DNA from the biliary 
cancer tissues demonstrated that majority of cancer (more than 90%) harbored GAT mutation. 
Mutation of KRAS2 (GAT) was detected in 81% (13/16) of bile from patient with biliary cancer, while 
21% (6/28) of bile from control group. These six control patients with KRAS2 mutation carried 
diseases associated with chronic inflammation. In the serum DNA from biliary cancer patients, 54.5% 
(6/1 1) were detected to contain KRAS2 (GAT) mutant DNA. These data shows that LigAmp on bile 
and serum can be used an early diagnosis tool. 




8) Braf mutation detection using Lip Amp 



Point mutations of the BRAF protooncogene were recently found in a wide variety of tumors, and most 
notably in melanoma, papillary thyroid cancer and colon cancer. A V599E (T1796A) hotspot mutation 
within the BRAF gene was reported in these tumors. Therefore, BRAF can be a promising tumor 
marker for these malignancies. 

To demonstrate the capability of LigAmp to detect BRAF mutations, we serially diluted BRAF mutant 
genomic DNA (from 1.2 pig to 12 ng) isolated from a colon cancer cell line, Colo205, and mixed with 
wild-type DNA (1.2 ug) from HeLa cells. The 3'-terminal base of the upstream ligation 
oligonucleotide for the mutant was designed to perfectly pair with the mutated base as usual. The result 
shows that LigAmp is able to detect and quantify the BRAF mutation in the DNA mixtures. 
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9) Mitochondrial mutation detection 



LigAmp to detect heteroplasmic mitochondria 

Heteroplasmic mutations of mitochondrial DNA are an important source of human diseases. Detection 
of low levels of heteroplasmiy is essential for both the diagnosis of some medial disorders, as well as 
for forensic identify determinations. Here, we wanted to test if LigAmp can be used to detect 
heteroplasmy using human mitochonial genomic DNA. 

The mutant (C6371T) mitochondrial DNA was diluted into the wild-type mitchondrial DNA ranging 
from 1% to 50%. Then, the mixtures were subjected to PCR amplification. Two hundred pg PCR 
product was used as template for LigAmp. The result is shown in the figure. The data demonstrate the 
ability of LigAmp to detect hepteroplasmy in mitochondria at a low level. 



A. Standard curve for quantification 




B. % heteroplasmy in the mixtures 
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A 
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10) AACR Abstract: Shi C. Hua L. Parker AR. Wendelburg BT. and Eshleman JR. LigAmp; 
Sensitive Detection of Single Nucleotide Differences. American Ass ociation for Cancer Research 
(AACR). Proceedings of the American Association for Cancer Res earch. 45: 986. 2004. 



LigAmp: Sensitive Detection of Single Nucleotide Differences 

Chanjuan Shi 1 , Li Hua 1 , Antony R. Parker 1 , Brian Wendelburg 3 , and James R. Eshleman 1,2 



Sensitive and accurate detection of small number of tumor cells in the presence of a vast excess of 
normal cells is a problem common to many cancer research and clinical applications, but it is difficult 
since the mutant DNA often differs from the wildtype DNA by only a single base. The aim of present 
study is to develop a novel strategy that converts a single base substitution to a distinct molecule so 
that it can be detected in a sensitive and linear fashion. This strategy (designated LigAmp) employs 
two unique oligonucleotides that contain regions specific to the target gene and M13 tails. In addition, 
the upstream oligonucleotide also contains a region of completely foreign DNA. These two 
oligonucleotides should be ligated at the mutation site only when a perfectly matched target is present. 
Ligated products are then amplified by realtime quantitative PCR using M13 primers and the foreign 
DNA region as a probe. To test this strategy, K-ras mutant SW480 genomic DNA was 10 fold serially 
diluted into wildtype K-ras Hela DNA. We demonstrated the ability to detect one mutant DNA 
molecule in the presence of a background of 10,000-100,000 wildtype molecules. We envision that 
with this level of sensitivity and accurate quantification, this approach may find many cancer 
applications, including early detection, minimal residual disease testing and molecular relapse 
monitoring. 
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LigAmp: Sensitive Detection of Single Nucleotide Differences 

Chanjuan Shi, Noriyoshi Fukushima, Li Hua, Antony R. Parker, Brian J. Wendelburg, Charles J. Yeo, 
Ralph H. Hruban, Michael G. Goggins, James R. Eshleman. Johns Hopkins School of Medicine, 
Baltimore, MD, and Cepheid, Sunnyvale, CA. 

Sensitive detection of small number of tumor cells in a vast excess of normal cells is a problem 
common to many cancer research and potential clinical applications. The mutant DNA often differs 
from the wild-type DNA by only a single base. We developed a novel strategy that converts a single 
base substitution into a completely foreign molecule. This strategy (LigAmp) employs two unique 
oligonucleotides that contain regions specific to the target gene and M13 tails. In addition, the 
upstream oligonucleotide contains a region of completely foreign DNA. These two oligonucleotides 
should be ligated at the mutation site only when a perfectly matched target is present. After conversion, 
ligated products are amplified by realtime quantitative PCR using M13 primers and a probe to the 
foreign DNA region on a Cepheid SmartCycler. To test this strategy, KRAS2 mutant genomic DNA 
was 10-fold serially diluted into wildtype DNA. We demonstrate the ability to detect one mutant DNA 
molecule in the presence of a background of 10,000 wild-type molecules. LigAmp can be multiplexed, 
detecting different mutations, or both mutant and wild-type DNA, simultaneously. In a model of early 
detection, KRAS2 mutations were detected in pancreatic duct juice from patients with pancreatic 
cancer. The relative amounts of KRAS2 mutant to wild-type DNA were obtained by absolute 
quantification. LigAmp permits sensitive and linear detection of point mutation containing DNA. We 
envision that with this level of sensitivity and accurate quantification, this approach may find several 
cancer, infectious disease and genetics applications. 
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ULTRASENSITIVE DETECTION OF KRAS MUTATIONS IN BILE AND SERUM FROM 
PATIENTS WITH BILIARY CANCER USING LIGAMP TECHNOLOGY 



A Chandrasekharan, C Shi, P J Thuluvath, 1 1 Wistuba, C A Karikari, P Argani, M G Goggins, J R 
Eshleman and A Maitra. 

Background: Biliary cancer is a lethal disease, and early detection efforts are needed to ameliorate the 
dismal prognosis. Mutations of the KRAS gene, specifically at codon 12, are one of the most common 
genetic aberrations in this cancer. An ultra-sensitive technology LigAmp - has been described (Shi et 
al, Nature Methods, 2004) for the detection of single base pair mutations in clinical samples. LigAmp 
has a sensitivity of detecting a mutant population with a sensitivity of 1:10,000 wild-type cells. We 
utilized LigAmp to detect KRASG12D mutations in patients with a variety of neoplastic and non- 
neoplastic biliary diseases. 

Design: In LigAmp, a mutation specific 5 oligonucleotide and a generic 3 oligonucleotide (both tagged 
with M13 tails) are ligated using Pfu ligase, followed by amplification using M13 primers. The 5 
oligonucleotide also has an upstream unrelated bacterial gene sequence (e.g., lacZ), and a specific 
flurophor-labeled probe to the latter can be utilized to generate cycle threshold (Ct) values for the 
mutant DNA of interest in the sample. Serially diluted positive control and negative control cell lines 
in each run provide relative quantification of mutant KRAS levels. Oligonucleotides specific to the 
KRASG12D mutation were designed. DNA was extracted from 1 19 samples, including 10 biliary 
cancer xenografts, 54 archival biliary cancers, 44 bile samples, and 1 1 serum samples. Of the 44 bile 
samples, 16 were from patients with biliary cancers, and 28 from a variety of non-neoplastic 
pancreato-biliary disorders; all 1 1 serum samples were from patients with biliary cancer. 

Results: KRASG12D mutations were detected in 10/10 (100%) biliary xenografts and 52/54 (96%) 
archival cancers. 13/16 (81%) neoplastic bile samples and only 6/28 (21%) non-neoplastic bile samples 
harbored mutant KRAS DNA (P=0.0003); the latter included chronic pancreatitis and primary 
sclerosing cholangitis, both conditions where this mutation has been reported. KRASG12D mutations 
were also detected in 6/1 1 (55%) serum samples from biliary cancer patients. 

Conclusion: KRASG12D mutations are present in the majority of biliary cancers, and are detectable in 
bile and serum using LigAmp. This technology has the potential for early detection of biliary cancer as 
well as for disease monitoring post-therapy. 
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LigAmp for sensitive detection of single-nucleotide 
differences 

Chanjuan Shi 1 , Susan H Eshleman 1 , Dana Jones 1 , Noriyoshi Fukushima 1 , Li Hua 1 , Antony R Parker 1 , 
Charles J Yeo 2 , Ralph H Hruban 1 - 4 , Michael G Goggins 1 " 3 & James R Eshleman 1 - 4 



We developed the LigAmp assay for sensitive detection and 
accurate quantification of viruses and cells with single-base 
mutations. In LigAmp, two oligonucleotides are hybridized 
adjacently to a DNA template. One oligonucleotide matches the 
target sequence and contains a probe sequence. If the target 
sequence is present the oligonucleotides are ligated together 
and detected using real-time PCR. LigAmp detected KRAS2 
mutant ONA at 0.01% in mixtures of different cell lines. 
KRAS2 mutations were also detected in pancreatic duct juice 
from patients with pancreatic cancer. LigAmp detected the 
K103K HIV-1 drug resistance mutation at 0.01% in plasmid 
mixtures and at ~0.1% In DNA amplified from plasma HIV-1. 
Detection in both systems is linear over a broad dynamic range. 
Preliminary evidence Indicates that reactions can be multiplexed. 
This assay may find applications in the diagnosis of genetic 
disorders and the management of patients with cancer and 
infectious diseases. 

Single-base mutations have an important role in cancer and 
other human diseases, and they can be useful markers for diag- 
nostic tests. Mutations in viral genomes can cause resistance to 
antiviral drugs. Unfortunately, clinical samples often contain small 
numbers of mutant cells and viruses mixed with a vast excess 
of wild-type cells or viruses; thus the development of sensitive 
and accurate methods for detection of point mutations is an 
important challenge. 

Single-base mutations can be detected with restriction-fragment- 
length polymorphism-Southern blot assays 1,2 , oligonucleotide 
ligation assays 3 ' 4 and allele-specific PCR (AS-PCR) assays or the 
amplification- refractory mutation system 5- *. The limit of detection 
of those assays is often confined to 0.1-1% (mutant/wild-type ratio 
of 1:1,000-1:100). Other assays can detect single-base mutations in 
BO unique sequence contexts at higher ratios 9- ^ 2 but cannot be 
generally applied. Detection of point mutations with real-time 
quantitative PCR (Q-PCR) assays is often hampered by cross- 
hybridization of probes to wild-type templates 13 . 

New initiatives support development of assays for early diagnosis 
of common cancers in families at increased risk and also in 
population screening 14-16 . Such assays may also help in monitoring 



bone marrow transplant engraftment 13 and disease recurrence in 
cancer patients after treatment. Cancer of the pancreas is usually 
diagnosed at an advanced stage, and early diagnosis is crucial for 
improving survival rates. KRAS2 mutations are present in most 
cancers of the pancreas and can be detected in pancreatic duct juice 
as well as in plasma and stool 17,18 . However, KRAS2 mutations can 
also be detected in pancreatic duct juice and stool from patients 
with chronic pancreatitis or pancreatic intraepithelial neoplasias 
(PanlNs) 19,20 . Although the detection of mutant KRAS2 alone is 
not an accurate predictor of pancreatic cancer 21 , quantitative assays 
for KRAS2 mutations in biological fluids might be able to distin- 
guish between pancreatic cancer and other conditions 22 . 

Assays for sensitive detection of point mutations may also aid in 
management of patients with HIV-1 infection. Antiretroviral drugs 
can select for HIV- 1 with drug resistance mutations in protease and 
reverse transcriptase. Most HIV-1 genotyping assays are relatively 
insensitive for detection of minority variants with resistance 
mutations. A recent study suggests that the presence of such 
variants can influence treatment response (Mellors, J. et al, 
Antiviral Ther. 8, S150, 2003). A multicenter study used different E£ 
assays to detect the K103N drug resistance mutation (Halvas, E. 
et aL, Antiviral Ther. 8, S102, 2003). Two AS-PCR assays and a 
yeast hybrid assay specific for HIV-1 reverse transcriptase detected 
the mutation at < 1%. Other assays were less sensitive. 

We report here a simple, universal strategy for sensitive detection 
and quantification of single-base differences. Two model systems 
were used for assay development: (i) detection of KRAS2 and 
TP53 mutations for early detection of cancer and (ii) detection of 
the K103N HIV-1 drug resistance mutation. EH 

RESULTS 

Overview of the LigAmp assay 

We designed the LigAmp assay to convert single-base differences 
into more distinctive molecules that could be easily detected and 
quantified. In the first step, two oligonucleotides are hybridized to a 
DNA template and ligated to one another (Fig. la). Each contains a 
region specific to the target gene (green) and an M13 tail (blue). 
The M13 tails permit amplification of the ligated product in a 
subsequent universal Q-PCR detection reaction. The upstream 
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Mutant DNA b wild-type ONA 




Figure 1 | Overview of the LigAmp assay, (a-d) The assay includes two steps: 
(a,b, step 1) template-dependent ligation of two oligonucleotides and (c,d, 
step 2) detection and quantification with Q-PCR. Details of the LigAmp assay 
are described in . the Results section. F, Forward M13 primer; R, reverse M13 
primer; FL, fluorophore; Q, quencher. The asterisk indicates the terminal 
thymidine base on the upstream mutant oligonucleotide. 



oligonucleotide also contains a region of unique foreign DNA (for 
example, lacZ DNA, red) that serves as the binding region for a 
.probe in the Q-PCR reaction. We designed the upstream oligo- 
nucleotide to match either the mutant or wild-type sequence at the 
3' end. When an upstream mutant oligonucleotide is used (Fig. la), 
we designed the 3' end of the oligonucleotide to match the mutant 
template perfectly. The same oligonucleotide should mispair at 
the 3' end when hybridized to a wild-type template, preventing 
ligation (Fig. lb). 

In the second step, we amplified the ligated DNA using M13 
primers and detected it in a Q-PCR reaction (Fig. lc). This step is 
independent of the specific gene or mutation targeted in the 



ligation step. We detected Q-PCR amplicons using a universal 
probe (such as lacZ) that contains a fluorophore and quencher. 
Because both the M 13 forward primer and the lacZ probe have the 
same polarity as the upstream ligation oligonucleotide, the lacZ 
probe cannot bind to the ligation oligonucleotide. Binding of the 
probe requires ligation of the two oligonucleotides (Fig. la) and 
subsequent polymerization of the complementary (bottom) strand 
of DNA in the Q-PCR step (Fig. lc). The Q-PCR probe binds to 
the bottom strand of the amplified DNA. Extension from the 
M13 forward primer allows the probe to be cleaved and the 
fluorophore detected. If no ligation occurs in the first step because 
of mispairing (Fig. lb), there is no template for amplification in the 
Q-PCR step (Fig. Id). 

Because this strategy involves a ligation step followed by an 
amplification-detection step, we have designated it 'LigAmp'. We 
used LigAmp to detect and directly quantify mutant DNA alone 
(Fig. 1). Alternatively, we used a pair of mutant and wild-type 
upstream oligonucleotides to simultaneously detect and quantify 
mutant and wild-type DNA. In either case, the specificity of 
LigAmp relies on the differentiating power of a DNA ligase to 
ligate the upstream and downstream oligonucleotides only when 
both hybridize to the template with no mismatches at the adjacent 
terminal nucleotides. 

Detection of the KRAS2 mutation in cell line DNA mixtures 

To demonstrate proof of principle, we serially diluted DNA from 
the SW480 colon cancer cell line, which contains a KRAS2 muta- 
tion (G35T, GTT, G12V), with HeLa cell line DNA, which contains 
wild-type (GGT) KRAS2 alleles. First we ligated the mutant-specific 
oligonucleotide to a common oligonucleotide, and then we con- 
ducted Q-PCR using M13 primers and a lacZ probe. We detected 
mutant KRAS2 DNA as a signal distinct from HeLa DNA at a 
1:10,000 dilution (Fig. 2a), and the signal was linear over a broad 
range of dilutions (Fig. 2b, ^=0.99, least-squares analysis). Omis- 
sion of ligase from the ligation reaction resulted in no amplification 
(data not shown). | 




Figure 2 | Detection of genomic DNA containing the KRAS2 mutation. In Q-PCR, amplification occurs at different cycle numbers depending on the initial 
template concentration. A fluorescence threshold is defined, and the cycle at which this threshold is crossed is determined for each sample (horizontal red line, 
Ct). (a) Representative Q-PCR amplification curves (in duplicate) of KRAS2 mutant SW480 DNA serially diluted into wild-type (WT) KRAS2 HeLa DNA. The 'H 2 0 + 
lig' sample is a water control that was subjected to both the ligation and Q-PCR steps; the 'H 2 0' sample was subjected only to the Q-PCR step, (b) The mean Ct 
values (six independent assays) were plotted against the dilution of mutant DNA. Error bars represent 1 s.d. The mean Ct of the 1:10,000 mutant DNA sample 
plus 3 s.d. does not overlap with the mean Ct of the HeLa wild-type DNA minus 3 s.d. (c) Multiplex detection of mutant and wild-type KRAS2 (in duplicate). 
KRAS2 mutant SW480 DNA was diluted serially 10-fold into HeLa ONA, and the signals for mutant and wild-type KRAS2 were simultaneously detected in Q-PCR 
using lacZ and 16S rDNA probes, respectively. The upstream KRAS2 wild : type primer was used at a lower concentration (see Methods). The wild-type KRAS2 
signals for each sample are superimposed (overlapping red curves) with Ct of ~34 cycles (black vertical line). The other curves reflect detection of mutant DNA 
with the mutant probe, (d) Multiplex LigAmp for KRAS2 and p53. Detection of the p53 G818A mutation (CAT, R273H) in SW480 DNA (blue), and the KRAS2 G35A 
mutation (GAT, G12D) in LS513 DNA (red) using multiplexed ligation oligonucleotides and the lacZ and 16S rDNA probes. Both DNA samples were serially diluted 
with HeLa-cell DNA. 
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Figure 3 | Detection of mutant KRAS2 sequences in pancreatic duct juice from pancreatic cancer patients, (a) KRAS2 DNA was amplified from samples of 
pancreatic cancer tissue (PC, top row) and corresponding samples of pancreatic duct juice obtained from the same patients at the time of surgery (PJ, bottom 
row), and sequenced as described (see Methods). The electropherograms show antisense sequence. Antisense sequence text (bottom strand, right arrowheads) is 
in a 5'-to-3' orientation, and the corresponding sense sequence text (top strand, left arrowheads) is in a 3'-to-5' orientation. The three bases for codon 12 are 
boxed. Peaks representing nucleotide mixtures at codon 12 are indicated below each electropherogram (arrows), and the mutant bases are underlined in the 
sense sequence. (b,c) ligAmp detection of the G35A (GAT, G120) and G35T (GTT, G12V) mutations, respectively, in four pancreatic duct juice samples. HeLa DNA 
was included as a negative control. 



The LigAmp reaction can be multiplexed 

We simultaneously detected mutant and wild-type KRAS2 DNA in 
a multiplex reaction by including both mutant and wild-type 
oligonucleotides in one ligation reaction. To maintain a broad 
linear range of mutant DNA detection, we substantially reduced the 
concentration of the upstream wild-type primer (see Methods). We 
detected mutant DNA with a lacZ probe and wild-type DNA with a 
16S rDNA probe containing a different fluorophore. When mutant 
SW480 DNA was serially diluted into wild-type HeLa DNA, the 
mutant DNA cycle threshold (Ct) varied with the concentration of 
input DNA, whereas the wild-type DNA Ct was relatively constant 
(Fig. 2c). We also used LigAmp to simultaneously detect KRAS2 
and TP53 mutations in a single ligation reaction (Fig. 2d). The 
multiplexed reaction detected each mutation in either SW480 DNA 
or LS513 DNA at dilutions up to 1:1,000. Additional experiments 
are. needed to determine the precise impact of multiplexing on the 
sensitivity of LigAmp reactions. 

Detection of tumor-specific KRAS2 mutations in pancreatic 
juice 

We next tested whether LigAmp could detect KRAS2 mutations in 
samples from patients with pancreatic cancer. We first amplified 
and sequenced the hot-spot region of the KRAS2 gene from four 
pancreatic cancer (PC) tissue samples after microdissection. Two 
samples had the G35A (GAT, G12D) mutation (PC7 and PC70), 
one had wild-type (GGT) KRAS2 alleles (PC66) and one had the 
G35T (GTT, G12V) mutation (PC89) (Fig. 3a, top row, arrows). 
We then sequenced pancreatic duct juice (PJ) samples collected 
from the same patients at the time of surgery (Fig. 3a, bottom row). 
Two samples (PJ7 and PJ89) had small peaks in the sequencing 
electropherograms that corresponded to mutations detected in the 
tumor samples from the same patients (arrows). 

We then conducted LigAmp assays using lCRA.S2-arnplined 
DNA from the pancreatic duct juice samples. First, we confirmed 
that the level of wild-type DNA was roughly equivalent in the four 
samples using a wild-type LigAmp reaction (data not shown). We 
then tested whether we could detect KRAS2 mutations in the 
pancreatic duct juice samples. With oligonucleotides specific for 
the G35A (GAT) mutation (Fig. 3b), the two tumors known to 
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contain that mutation amplified first (PJ7, blue and PJ70, red). The 
sample that contained the G35T (GTT) mutation (PJ89, green) 
amplified between the samples with G35A and the control DNA. 
Detection of the G35A mutation in this sample could reflect either 
intratumor clonal heterogeneity of KRAS2 mutations 23 or the 
presence of high-grade PanlNs that contributed DNA with the 
G35A mutation to the pancreatic duct juice. The sample with wild- 
type alleles (PJ66, gold) overlapped with* the control DNA (no 
G35A detected). With oligonucleotides specific for the G35T 
(GTT) mutation (Fig. 3c), the pancreatic duct juice from the 
KRAS2 G35T-bearing tumor (PJ89, green) was amplified before 
the others. The two tumors with G35A mutations (PJ7 and PJ70) 
were detected at a lower level, and the wild-type tumor (PJ66) 
overlapped with the control DNA. In both experiments, a minimal 
amount of nonspecific amplification was seen with the control 
DNA (Fig. 3b,c). The presence of the minor mutant species in the 
pancreatic duct juice samples (GTT in PJ7, GTT in PJ70, and GAT 
in PJ89) were independently confirmed using BstNl restriction 
enzyme digestion of wild-type alleles 24 followed by AS-PCR detec- 
tion of the GAT and GTT mutations. We further confirmed the 
presence of the minor mutations in samples PJ70 and PJ89 by 
cloning the BstNl -refractory PCR products and DNA sequencing 
(data not shown). 

Detection of the K103N mutation in HIV-1 plasmids 

We also used the LigAmp assay to detect the K103N HIV-1 drug- 
resistance mutation. Both the mutant and wild-type upstream 
oligonucleotides contained an additional base substitution 
(A->G) at the third base from the 3' terminus of the upstream 
oligonucleotide (Fig. 5a; the first base of codon 103, underlined G), QQ 
to enhance specificity of the oligonucleotides for their respective 
templates. We prepared mixtures of plasmids with wild-type 
(K = AAA) or mutant (N = AAC) sequences at codon 103, and 
then conducted ligation using mutant upstream and common 
downstream oligonucleotides (Fig. 4). Q-PCR was carried out 
using M13 primers and a lacZ probe. The K103N mutation was 
detected at a dilution of 1:10,000 (0.01%, Fig. 4a); detection 
was linear over the full range of dilutions tested (r 2 = 0.96, least- 
squares analysis, Fig. 4b). Experiments done with a wild-type 
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Figure 4 | Detection of the HIV-1 K103N mutation in plasmid mixtures. 

(a) Representative Q-PCR amplification curves (in duplicate) of K103N mutant 
plasmid serially diluted with wild-type HIV-1 plasmid. WT, Wild-type plasmid 
alone. Controls (H 2 0 + lig and H 2 0) are described in the legend for Figure 2. 

(b) The mean Ct values (four independent assays) were plotted against the 
relative concentration of mutant plasmid. Error bars represent 1 s.d. 



upstream oligonucleotide confirmed the specificity of the assay 
(data not shown). 

Detection of the K103N mutation in plasma from individuals 
infected with HIV-J 

We then used the LigAmp assay to detect K103N in plasma samples 
from individuals infected with HIV-1. We first conducted HIV-1 
genotyping (population sequencing) to detect the major popula- 
tion of viruses in each sample. At codon 103, subject 242 had N = 
AAC (mutant, Fig. 5b), subject 109 had K = AAR = AAA/G (wild 



type, Fig. 5c) and subject 842 had K = AAA (wild type, data not 
shown). The HIV-1 sequences in the samples differed from the 
sequences of the LigAmp oligonucleotides at three or four positions 
(Fig. 5a), reflecting the natural genetic diversity of HIV-1 in 
infected individuals. Analysis of sample 242 with mutant and 
wild-type upstream oligonucleotides yielded Ct values of 31.6 
and 38.9, respectively (Fig. 5b, right). This indicates that viruses 
with the K103N mutation represent the major viral population, 
and that a small amount of wild-type HIV-1 is also present. 
Analysis of samples 109 (Fig. 5c, right) and 842 (data not 
shown) yielded lower Ct with the wild-type oligonucleotide than 
with the mutant oligonucleotide, consistent with the genotyping 
results. In both samples, Q-PCR achieved threshold detection using QQ 
the mutant upstream oligonucleotide; this was not the case when a 
pure wild-type plasmid was tested (Fig. 4). This suggests that the 
K103N mutation was minimally present in both samples. The 
difference in the Ct values for the mutant versus the wild-type 
oligonucleotides was 8.3 for subject 842 and 10.3 for subject 109. KB 

Detection of the K103N mutation in a plasma dilution panel 

We conducted additional experiments using samples prepared by 
serially diluting plasma from subject 242 (mostly mutant) with 
plasma from subject 109 (mosdy wild type). Each sample was 
independendy subjected to HIV-1 RNA extraction, reverse tran- 
scription and PCR amplification before analysis. LigAmp detected 
the K103N mutation in the mixtures at a dilution of 1 :1,000 (0.1%, 
r 2 = 0.998, least-squares analysis, Fig. 5d). We obtained similar Ct 




Figure 5 | Population sequencing and LigAmp analysis of HIV-1 in plasma samples, (a) Plasma HIV-1 from subjects 242, 842 and 109 were sequenced 
with the ViroSeq system (population sequencing). Those sequences were aligned with sequences of the HIV-1 upstream WT and downstream common 
oligonucleotides (arrows) using MegAlign (DNAStar). A consensus sequence is shown at the top. Nucleotides at the third position of codon 103 (bracket) are 
boxed. An A->G substitution at the first base of codon 103 in the upstream wild-type and mutant oligonucleotides (underlined) enhances specificity of the 
ligation reaction. Dots indicate nucleotides that match the consensus sequence. Nucleotide mixtures are indicated using IUB codes. (b,c) On the left, plasma 
HIV-1 was analyzed using the ViroSeq system. Electropherograms show sequences near codon 103 in HIV-1 reverse transcriptase. Arrowheads indicate the 
orientation of ViroSeq sequencing primers. The sequence of the HXB2 reference strain ('Ref) is shown above the sequence of each sample. Amino acids 
encoded by the reference sequence (above) and the sample sequence (below) are shown at the top of each panel. The nucleotide at the third position of 
codon 103 is boxed. A mixture of nucleotides (A and G = R) is present at this position in the sequence from subject 109 in c; the lower-case designation 
(r) indicates that the nucleotide sequence was edited manually. On the right, Q-PCR amplification curves from subjects 242 and 109, respectively. Curves 
were generated using either the mutant (Mut, red) or wild-type (WT, blue) upstream oligonucleotide, (d) Plasma from subject 242 (mostly HIV-1 with the 
K103N mutation) was serially diluted with plasma from subject 109 (mostly wild-type HTV-l). The percentage of plasma from subject 242 in the samples 
was 100%, 10%, 1%, 0.1%, 0.01% and 0%, all at 50,000 copies/ml HTV-l RNA. DNA was amplified from the plasma mixtures using the ViroSeq system. 
LigAmp was conducted using the upstream mutant oligonucleotide for detection of K103N. Ct values were plotted against the dilution of sample 242 
(red dots and line). The Ct of the sample of plasma from subject 109 only (blue dot, arrow) was similar to the Ct obtained with a 1:1,000 dilution of plasma 
from subject 242. 
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using the 1:1,000 dilution, further 10-fold dilutions and plasma 
from subject 109 alone (Fig. 5d), suggesting that plasma from 
subject 109 contained a minor population of viruses with the 
K103N mutation (~0.1%). 

DISCUSSION 

We show here that the LigAmp assay can detect single-base 
mutations in the presence of a large excess of wild-type DNA We 
easily achieved a sensitivity of 10 _3 -10 -4 for detection of point 
mutations in genomic DNA and HIV cDNA. Several variables could 
potentially interfere with the sensitivity of LigAmp for analysis of 
clinical samples. Mutations present in very small amounts could be 
lost through sampling error or 'bottlenecking.' Some samples might 
also contain DNA ligase inhibitors 25,26 . Mutation detection could 
also be hampered by biased amplification during the sample prep 
PCR or Q-PCR For these reasons, the sensitivities we obtained 
using control reagents may be better than those obtained when the 
system is validated using blinded panels and clinical specimens. The 
type of template used may also influence the efficiency of the 
LigAmp assay. Ct values are slightly lower when PCR products are 
used for templates, as opposed to the plasmids used to generate 
BJ3 standard curves, and when the PCR products contain dUTP. 
Therefore, samples used to generate standard curves should be 
obtained in the same way as the test samples. Accurate quantifica- 
tion of template DNA is also important; the Q-PCR reaction is 
quite sensitive to template concentration if a single oligonucleotide 
(such as mutant) is used. When template concentration is carefully 
controlled, LigAmp results correlate closely with the percentage of 
mutant DNA (Figs. 2b and 4b). Use of an internal standard with 
each reaction may also be helpful. 

Although the specificity of LigAmp is quite high, we observed 
small amounts of nonspecific amplification of wild-type templates 
in some experiments (Figs. 2a and 3b,c). Nonspecific signals could 
arise during ligation, reflecting either minimal ligation of oligo- 
nucleotides despite terminal mismatches with the template, or 
template-independent oligonucleotide ligation 27 . Alternatively, 
nonspecific signals could be generated during Q-PCR. Unligated 
oligonucleotides were not removed before Q-PCR, and these might 
extend on mismatched wild-type templates during Q-PCR by Taq 
polymerase. M13 reverse primers could then extend from unligated 
downstream oligonucleotides, producing a complementary strand. 
Because the extended products are complementary to each other, 
nonspecific amplification might then occur. Experiments are in 
progress to identify variables contributing to nonspecific signals 
in the assay. 

LigAmp requires the use of high-quality oligonucleotides. Syn- 
thetic errors in the oligonucleotides could influence sensitivity and 
specificity of the assay. It is important to obtain oligonucleotides 
from a reliable source and to test new batches of primers with 
standardized reagents and controls before using them for analysis. 
We used gel-purified oligonucleotides for ligation, and it is not 
clear whether the results would have been as good using unpurified 
oligonucleotides. Other variables, such as pipetting error or 
unequal thermal cycling temperatures during ligation or Q-PCR, 
could potentially lead to inaccurate results. Therefore, we recom- 
mend analyzing specimens in duplicate or triplicate experiments to 
ensure reproducibility. 

Other methods for sensitive detection of point mutations are 
generally more complex and less quantitative than the LigAmp 
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assay. Also, because no unique sequence context (for example, a 
restriction enzyme site) is required, and because universal primers 
and probes are used in the Q-PCR step, LigAmp should be easily 
adapted for detection of any single-base difference. We present 
preliminary data indicating that LigAmp can also be carried out as a 
multiplex reaction for simultaneous detection of mutant and wild- 
type DNA or for simultaneous detection of different mutations. 
Other investigators have shown that it is possible to ligate simulta- 
neously as many as 40 oligonucleotide pairs 28 . However, additional 
experiments are required to evaluate the effect of multiplexing 
on sensitivity. 

Accurate quantification of mutant DNA by LigAmp may prove 
useful for early detection of pancreatic cancer, because the level of 
KRAS2 mutant DNA in pancreatic duct juice may differ in patients 
with benign versus malignant lesions. Detection of KRAS2 in 
combination with other mutations such as p53 may increase both 
the sensitivity and specificity of LigAmp for detection of pancreatic 
cancer and its precursor lesions. 

Analysis of mutations in HrV-1 poses unique challenges because 
of viral genetic diversity. We tested samples from three subjects 
using a single oligonucleotide set. None of the subjects had other 
drug resistance mutations near K103N, but there were numerous 
nucleotide differences in the oligonucleotide binding regions. 
Those differences did not seem to hamper detection of the 
K103N mutation, however. Analysis of wild-type-K103N plasmid 
pairs from other individuals indicates that nucleotide diversity near 
K103N can be overcome by extending the length of the oligonu- 
cleotides and lowering the ligation temperature (data not shown). 
Different primer sets may be needed for different HIV subtypes. 
Some HIV-1 variants have other mutations at codon 103 (for 
example, K103E, K103R and K103T). Specific oligonucleotides 
would be needed to detect each of those unusual mutations. 

It is difficult to define the limit of sensitivity of LigAmp for 
HIV-1 mutation detection using clinical samples, because many 
samples that are genotypically wild type are thought to harbor 
minority variants with drug resistance mutations 29,30 . Using 
plasmid mixtures, we detected K103N at 0.01%. We also detected 
K103N in small amounts in two patients who had only the 
wild-type sequence detected with an FDA-cleared genotyping 
assay. A dilution experiment suggested that K103N was present at 
~0.1% in one of those patients. We are presently optimizing 
LigAmp for quantification of HIV-1 drug-resistant variants in 
plasma samples. Additional studies are needed to compare the 
efficacy of different HIV-1 minority variant assays in different 
clinical settings. LigAmp can be conducted using PCR products 
remaining from routine HIV-l genotyping. Because PCR products 
are used at low concentrations, numerous mutations can be 
analyzed using PCR products remaining after genotyping a single 
0.5-ml plasma sample. 

LigAmp may also have applications in genetics, including pre- 
natal diagnosis (for example, multiplex detection of common 
CFTR mutations) 31 . Using LigAmp, it may be possible to detect 
point mutations in fetal cells circulating in maternal peripheral 
blood, avoiding the need for amniocentesis or chorionic villous 
sampling procedures 32,33 . 

In summary, LigAmp is a universal point mutation detection 
strategy that is highly sensitive and quantitative. This report 
presents proof-of-principle experiments that show some features 
of this assay. Additional validation is needed to identify 
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preanalytical and analytical variables that influence assay perfor- 
mance, and to define the sensitivity, specificity, accuracy and 
precision of the assay for various clinical applications, 

METHODS 

Experimental review. We obtained appropriate institutional appro- 
Hfl val for all experiments involving human subjects. 

Genomic DNA isolation. We isolated genomic DNA using the 
DNeasy Tissue Kit (Qiagen) 34 . 

KMS2 sequencing. We amplified the KRAS2 locus by PCR using 
the following M13-tailed primers (M13 tails underlined): 
5'- GTAAAACGACGGCCAGG -GAGAGAGGCCTGCTGAAAA-3' 
and 5'- CAGGAAACAGCTATGACT -TGGATCATATTCGTCCA- 
CA-3'. We carried out sequencing using M13 primers, the BigDye 
Terminator 3.1 Cycle Sequencing Kit and an ABI Prism 3100 
Genetic Analyzer (Applied Biosystems). 

Population sequencing of plasma HIV-1. We sequenced plasma 
samples diluted at 100,000 copies/ml HIV-1 RNA (using plasma 
from an individual without HIV-1 infection) with the ViroSeq 
HIV-1 Genotyping System (Celera Diagnostics). Using this system, 
we extracted and reverse transcribed HIV-1 RNA. A 40-cycle PCR 
yielded a 1.8-kb PCR product that is purified and sequenced 
(BigDye; Applied Biosystems) with seven different primers using 
an ABI Prism 3100 Genetic Analyzer. 

LigAmp oligonucleotides and probes. We purchased gel-purified 
oligonucleotides and M13 primers from Invitrogen, and lacZ and 
16S rDNATaqrnan probes from Integrated DNA Technology (see 
SB Supplementary Table online for sequences). 

KRAS2 and p53 oligonucleotide ligation. Ligation was conducted 
directly on genomic DNA from cultured cells. For pancreatic duct 
juice samples, ligation was done using 60 pg of PCR-amplified 
KRAS2 DNA (described earlier). We incubated DNA samples with 
1 pmol of each oligonucleotide (either a mutant or wild-type 
upstream oligonucleotide and a downstream common oligo- 
nucleotide) and 4 U Pfu DNA ligase in lx Pfu ligase buffer 
(Stratagene). We denatured samples at 95 °C for 3 min and then 
incubated them for 90 two-step cycles of 95 °C for 30 s alternating 
with 65 °C for 4 min. For simultaneous detection of mutant and 
wild-type KRAS2, we included both upstream oligonucleotides in 
the reaction; the concentration of the wild-type oligonucleotide 
was reduced to 10~ 5 pmol. For simultaneous detection of KRAS2 
and p53 mutations, we included both upstream and downstream 
oligonucleotides at 1 pmol. 

HIV-1 K103N oligonucleotide ligation. John Mellors (University 
of Pittsburgh) provided HIV-1 clones with and without the 
K103N mutation. We amplified DNA from these molecular clones 
HID with the ViroSeq system and cloned the amplified DNA using the 
TOPO TA Cloning Kit (Invitrogen) to generate plasmicls contain- 
ing wild-type and mutant inserts. We isolated these plasmids and 
sequenced them as described 35 . Ligation was done using either 
10 pg of plasmid template or 100 pg of plasma-derived ViroSeq 
PCR products as described earlier, except that the upstream 
oligonucleotide concentration was 2 pmol. 



Q-PCR Q-PCR was conducted using a SmartCycler (Cepheid). 
Each 25-ul reaction contained 5 pmol forward and 5 pmol reverse 
M13 primers, 6 ul of the unpurified ligation reaction, 12.5 ul 
platinum Quantitative PCR SuperMix-UDG (Invitrogen) and 
2.5 pmol of lacZ and/or 16S rDNA probes. We preincubated 
PCR reactions at 50 °C for 2 min and 95 °C for 2 min, and then 
subjected them to 50 two-step cycles of 95 °C for 10 s alternating 
with 64 °C for 20 s. We manually set the Ct in the middle of the 
linear range of the amplification curves (log scale). 

Afote: Supplementary information is available on the Nature Methods website. 
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